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Abstract 
 
Arsenic is a common soil contaminant in Australia and worldwide. There is a need to find 
safe, effective and economic methods to deal with this problem. The soils used in this research 
were collected from central Victoria. They were contaminated with arsenic by historic gold 
mining activity or by past sheep dipping practices. 
This research investigated ten different leaching agents for their effects on three different 
arsenic contaminated soils. The concentration of arsenic in the soils ranged from 260 to 1400 
ppm. The most effective leaching agent trialled was potassium phosphate. The 1.0 M phosphate 
solution leached more arsenic (up to 38%) than did the 0.1 M phosphate solution (up to 15%). 
Dilute hydrochloric acid also leached significant amounts of arsenic (up to 35%) from two of the 
soils. The toxicity characteristic leaching procedure carried out at pH 4.9, as recommended by 
E.P.A. Victoria, did not leach detectable amounts of arsenic. 
Electrokinetic experiments were conducted on three arsenic contaminated soils. Bench scale 
laboratory experiments were performed on these soils in glass tanks in an attempt to simulate 
field conditions. A constant voltage of 35 volts (DC) was applied to the soils with an average 
voltage gradient of 0.5 volts per centimetre. It was found that little movement of arsenic or iron 
occurred within these soils after periods of four to eight weeks treatment. Phosphate was used in 
two of these experiments in an attempt to mobilise the arsenic however it did not have any 
significant effect in the concentrations used.  
The arsenic in these soils appears to be relatively stable and immobile under oxidising 
conditions. The soils had a high iron content which assists in the stabilisation of arsenic. This is 
beneficial with respect to the environmental impact of the arsenic contamination, however, it 
remains an obstacle to low cost electrokinetic remediation.  
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1.  INTRODUCTION 
 
Arsenic is an element which can be harmful to people, animals and plants. Arsenic soil 
contamination is common in Australia and throughout much of the world. The effects of this 
contamination are often poorly understood and currently there are no suitable remediation 
techniques to deal with the extent of this contamination. Given the potential risks associated with 
arsenic and the lack of knowledge about its behaviour a cautious approach to arsenic 
contaminated sites is required. Government regulations now require many arsenic contaminated 
sites to undergo remediation, or instigate management plans to deal with the arsenic 
contamination. Therefore, there is a need to gain a greater understanding of the behaviour of 
arsenic and the risks associated with arsenic contaminated sites. In addition, there is a need to 
develop effective and economically viable remediation techniques to clean up such sites.  
Electrokinetics in soil is the moving of substances by applying an electric potential across 
the soil. This research will assess electrokinetics as a potential in-situ remediation technology to 
move arsenic through the soil and then extract it from the soil or concentrate it in a small volume 
of soil which can be more easily and economically dealt with. Electrokinetic remediation of 
arsenic contaminated soil has been trialled by others both in the laboratory and in the field with 
mixed and often inconclusive results. In this research, laboratory experiments will be conducted 
to investigate the effectiveness of electrokinetics to assist in the remediation of arsenic 
contaminated soils. It is hoped that these experiments will also provide further insight into 
electrokinetic phenomena and the behaviour of arsenic in soil.   
 
1.1 Background to the Study 
Arsenic is an element found naturally in the earth, water and air. It has an atomic number of 
33 and it is a metalloid, although it is commonly referred to as a heavy metal. Arsenic is virtually 
everywhere on earth. It is the 20th most abundant element in the earth’s crust with an average 
concentration of 1-2 mg/kg although levels are quite variable (Smith et al., 2003). Being an 
element it cannot be broken down chemically and will always be present. It occurs in many forms 
in many different compounds, whilst rarely occurring as elemental arsenic. Arsenic is probably an 
essential element for most animals including people although this has not yet been proven (Anke, 
Glei, Arnhold, Drobner, & Seifert, 1997). The mean arsenic concentration of healthy adult human 
tissue is variable but is often in the 40 - 90 ppb range (Anke et al., 1997). Though arsenic is 
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naturally present in our environment, it can be toxic to most life forms when it occurs at elevated 
levels. 
Arsenic has a history of widespread and varied use by people through the ages. Its use as a 
poison in the past is infamous. Currently its use as an animal poison is limited to rodenticides. As 
well as being used as a poison it has been used in the past for medicinal purposes in both human 
and veterinary medicine. Today, it is still used as a growth promotant and tonic in some intensive 
animal production enterprises, although its use is not as great as it was in the past.  
Arsenic has been widely used in the past couple of centuries for herbicides and pesticides by 
the agricultural sector and others. Currently there is limited use of arsenic compounds for these 
purposes. Arsenic use as a timber preservative is quite common and it is one of the uses which 
have been increasing over the last couple of decades.  
Metal and glass processing industries use arsenic in their production processes. Arsenic is 
used as a flux in glass making and it improves the properties of certain metal alloys. Arsenic is 
also used in small quantities in the manufacture of some types of semiconductors. 
Arsenic is still used in many different applications, however the demand for it has been 
reducing over the past three decades. Most of this reduction in demand is due to health and 
environmental concerns and increasing restrictions on the use of arsenic. This means that it is 
becoming relatively less valuable. Production of arsenic is usually from the processing of high 
grade arsenic bearing ores or it is produced as a by-product from other metal extraction processes. 
The declining value of arsenic reduces the economic opportunity for it to be extracted as a by-
product. It also means that recovery of arsenic for sale from even the most contaminated sites 
would not be economic. 
“The most common source of elevated As concentrations in the Australian environment are 
attributable to anthropogenic activities” (Smith et al., 2003). Many human activities in the past 
have left us with widespread arsenic contamination of our environment both in Australia and 
overseas. “There are more than 10 000 arsenic (As) contaminated sites in Australia” (Smith, 
Naidu, & Alston, 2002). In the past, the mining and associated mineral processing industries have 
left large areas of land covered with arsenic contaminated mining waste. Copper and gold bearing 
ores for example often have a high arsenic content. When these ores are extracted from the 
ground, the associated arsenic is also selectively extracted and the resulting waste from the 
mining activity has high arsenic levels. In our region, arsenic bearing pyrites were roasted to 
firstly extract any associated gold and then to recover arsenic trioxide which could be sold as a 
valuable by-product. The past gold mining activity in central Victoria has left many arsenic 
contaminated sites. Arsenic contamination of the environment is still a concern with the mining 
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industry today, however current practises are regulated and will probably not have anywhere near 
the adverse environmental impact that the unregulated mining practices of the past have had.  
The timber treatment industry has also contributed to significant arsenic contamination of 
our environment. This contamination is usually localised to sites where arsenic is used as a timber 
preservative. The use of CCA (Copper, Chromium, Arsenic) treated timber has been increasing 
for decades and is very common today in Australia. There are also concerns now about the safety 
of some of these treated timber products and it is likely that some applications for CCA treated 
timber, currently allowed, will be banned in Australia (A.P.V.M.A., 2003).  
The widespread use of arsenic in herbicides and pesticides by the agricultural sector and 
others has led to widespread areas of arsenic contaminated soil. Arsenic was used as a pesticide 
for many decades, but is no longer used today on sheep and cattle in Australia. Commonly, the 
arsenic compounds used for sheep dipping were soluble sodium arsenite (the major component) 
mixed with insoluble arsenous sulphide (the minor component). Sodium arsenite was widely used 
to dip cattle for ticks. Other arsenic(III) compounds were sometimes used as well as some 
arsenate compounds in pesticides for use on sheep and cattle. 
Electrokinetic phenomena have been studied for over 100 years. The first practical 
application of this technology to soil occurred in the 1930s when Leo Casagrande used 
electoosmosis to dewater and stabilise heavy clay excavation sites (Casagrande, 1951). This 
technique is still used occasionally to stabilise earth works, embankments and mine tunnels.  
During the 1970s it was realised that electrokinetics applied to soils could move 
contaminants through the soil, and the water which was also moved through the soil could contain 
high levels of contaminants. At first this was considered a drawback in using electrokinetics to 
dewater soils. It was then realised that electrokinetics could be used to remediate contaminated 
sites. Since then there has been considerable research into the use of electrokinetics for 
decontamination of soils. Heavy metals were initially the main focus of this research, however, it 
has expanded to include organics, other metals, salts, radionuclides and arsenic. Electrokinetic 
remediation of contaminated soil is still largely an experimental technology. There have been 
many laboratory experiments in this area with variable results. There have also been a limited 
number of field trials conducted and the technology is used on a small scale by the US Army to 
remove lead from some of its contaminated sites. Some research has been carried out with 
arsenic. However, the results have been variable and often inconclusive. Further work is required 
in this area to determine if it can be useful for remediation of arsenic contaminated soil.  
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1.2 Problem Statement 
Arsenic is a major soil contaminant in Australia and throughout much of the world. Arsenic 
is an element which can be toxic to many plants and animals at elevated levels. Therefore, arsenic 
contamination of soil has potentially adverse environmental and human health effects. Specific 
issues in relation to arsenic contaminated soil include: 
• The release of arsenic into natural waters including surface waters and aquifers which can 
increase the availability of arsenic for uptake by organisms and potentially disperse the 
contamination more widely through the environment. 
• The uptake of arsenic by soil organisms including plants which could lead to elevated 
levels of arsenic entering food chains. 
• The direct uptake of arsenic from the soil by animals including people by dermal 
absorption, ingestion or inhalation of arsenic contaminated soil resulting in illness or 
even death.  
• The associated economic loss from decreased production or ill health.  
• The economic cost of rendering arsenic contaminated sites safe to use. 
Current practice to deal with arsenic contaminated soil in Australia leaves much to be 
desired. It has probably been considered too difficult and too large a problem to deal with in the 
past and long term solutions to the problem don’t really exist. To add to this there is a lack of 
knowledge about the impacts of arsenic contaminated soil. “Although As contamination of the 
environment may be severe enough to limit plant growth there appears to be few other reports 
identifying the impacts of the contaminants on other organisms, such as fish, mammals and 
humans” in Australia (Smith et al., 2003). The most extensive research into arsenic poisoning in 
humans has come out of Bangladesh where a significant proportion of the population is affected. 
Ingestion of contaminated drinking water is the main source of arsenic poisoning there. 
Worldwide this exposure route is the most significant threat to human health from arsenic (Smith 
et al., 2003). 
The way that arsenic contaminated soil is dealt with is basically to bury it and cover it up. In 
general it is either excavated and put into a hole in the ground and capped or it is simply left in 
place and capped. The capping is commonly clay although it could also be concrete or asphalt. 
This is probably not a satisfactory solution in the long term as potentially many of these sites will 
have to be cleaned up by a future generation. The conditions under which the arsenic remains 
strongly bound into the soil or waste material may not always be present and groundwater flow 
through such sites could lead to extensive mobilisation of arsenic from these dumps. 
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 The number and extent of arsenic contaminated sites is not always well publicised by the 
industries involved, or by governments. Issues about arsenic contaminated material may not be 
raised by these groups and in some instances active covering up of the facts occurs. An example 
of this is the New South Wales Department of Agriculture (NSW Agriculture) which began 
surveying many of its old cattle dipping sites in the state in the 1980s. When the extent of the 
problem became apparent the department was less than forthcoming with information about it. 
Freedom of Information applications were required to get some of the facts from them. In this 
matter, NSW Agriculture has defended cases of litigation against it very vigorously, appealed 
decisions which went against them, and have required secrecy clauses to be a part of mediated 
settlements (Brouwer, 2001). The fear of further litigation, compensation and cleanup costs and 
unduly raising public alarm may all have been factors behind their actions. There is a lack of 
knowledge about the health and environmental effects of these sites, and to complicate matters 
arsenic is only one of a cocktail of contaminants found at these old dip sites. In June 2001, only 
two of a former 1650 dip sites managed by NSW Agriculture had been remediated. Remediation 
meant that the contaminated soil had been removed. Dr Mariann Lloyd-Smith (Brouwer, 2001) 
stated “We found that contaminated soils from decommissioned dip-sites had been transported to 
various landfills and rubbish dumps throughout the area. Contaminated soil from one dip site had 
even been used to build a flood levy at Lismore airport”. A NSW Agriculture spokesman said 
“Even if we move the contaminated soil to storage, it would only be temporary. We’d have to 
treat it at some stage” (Brouwer, 2001). Despite the lack of certainty as to the risks associated 
with these sites and the lack of viable long term remediation options available today, a different 
approach is needed.  
In the Ballarat area there is extensive arsenic contamination from past gold mining activity. 
Many residents are aware that arsenic contamination is an issue related to the gold mining, but 
few people are aware of the extent of the problem. One case of arsenic contaminated land came to 
public attention in 2003 when a new housing estate was being developed along Canadian Creek 
in the City of Ballarat. The council and the developers were aware of the arsenic contamination 
problem and it was decided to excavate the contaminated soil and bury it in two pits beside and 
under the main access road into the estate. No one told the local residents what was happening 
until they started to question why such large pits were being dug relatively close to their homes. 
The story then made the local newspaper and there was some concern expressed from the 
residents who were living close to the burial sites. This is another example of not informing the 
community appropriately about an arsenic contaminated site. Despite this, the solution, although 
far from perfect, is probably best practice at the moment. The contaminated soil is much safer 
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being buried in the pits than it was on the surface and the soil did not have to be transported from 
the site. 
A new method of dealing with arsenic contaminated soil is required. The electrokinetic 
remediation of arsenic contaminated soil has been studied by others in the past. Results from 
these studies have often been inconclusive with respect to the effectiveness of this technology. 
Some success has been claimed by others, both in laboratory experiments, and in field trials. 
However, many studies are inconclusive. There are also different approaches to dealing with 
arsenic contaminated soil. One is to fix or stabilise the arsenic in the soil and the other is to 
extract it from the soil. Whether these approaches to treating arsenic contamination are useful for 
the soils in central Victoria is unknown. There is also a lack of knowledge about the impact of 
arsenic contaminated soil and the potential mobility of the arsenic from the soil.    
 
1.3 Importance of the Study 
The importance of this study relates to the potential impact of arsenic on our environment 
and on our health, as well as the associated costs this imposes. We need to more fully understand 
the behaviour of arsenic in the soil environment and the impact this can potentially have on our 
environment. The mobility of arsenic in a particular soil environment is an important factor in 
assessing the risks posed by that site. Soil conditions are also variable. One soil can be completely 
different from another. As well as this, one site can experience different conditions due to 
seasonal changes and changes in water content. 
The potential to establish an economic and viable remediation process to deal with arsenic 
contaminated soil is an important issue. If we don’t have any good alternatives to the current 
methods of dealing with the problem, then we will be left with many arsenic contaminated sites 
all over the country which others will have to deal with in the future. Development of an in-situ 
technique would be desirable as it removes the need for extensive excavation and transportation 
of contaminated material, which has inherent risks associated with the disturbance and movement 
of that contaminated material. Excavation and transportation are also expensive operations when 
they are considered with the scale of the arsenic contaminated soil problem. As well as the cost 
and the fact that burying the contaminated soil might be just leaving it to a future generation to 
deal with, there is a major issue with where the contaminated soil is going to be kept. The scale of 
the problem almost precludes this as a viable option.     
 
  
19
1.4 Scope of Present Work 
The main focus of this research is to investigate the applicability of electrokinetics in the 
remediation of arsenic contaminated soils. It studies contaminated soils from the Ballarat region 
to determine if electrokinetics could be a useful tool in remediating these sites. 
The two main soils used are from two different types of arsenic soil contamination common 
in the area. One soil is from an old sheep dipping site on a farm at Meredith. The other soil is 
from an historic gold processing site and mining waste dump along Canadian Creek in Ballarat. 
The two soils are both of Ordovician origin although they are quite different due to the processing 
of gold bearing ore at the Canadian Creek site. 
Electrokinetics will be investigated to determine if it can effectively move arsenic through 
these soils. Work done in the past has had mixed results and has often been inconclusive with 
respect to this problem. To study this, laboratory experiments will be conducted by passing 
electric current through soil samples which have been placed in glass tanks. The electric current 
will be applied for time periods between four and eight weeks. Physical and chemical soil 
parameters will be tested and monitored throughout the experiments across the soil between the 
electrodes in the glass tanks. If arsenic can be moved, then how it is being moved and what 
conditions favour its mobility, will be determined. Whether it behaves as an anion, a cation or a 
neutral compound will be investigated. This will determine where the arsenic can be concentrated 
and potentially extracted. If it is found that electrokinetics could be a useful tool in remediating 
these arsenic contaminated soils, then an assessment of how this could be implemented in the 
field will be made. This will include how an appropriate system could be set up and how much 
power it would take to run it. 
The electrokinetic experiments will be of two types. Firstly, soils will be tested in a plain 
electrokinetic experiment with electrodes placed directly into the soil to see what happens to the 
arsenic. Secondly, buffered electrokinetic experiments will be conducted, with electrodes placed 
in fluid wells, to see if additives (relatively non-toxic and cost effective ones) can be used to 
assist the process. These buffered electrokinetic experiments will also employ the use of fluid 
wells to assist in the removal of the arsenic from the soil and to allow for pH adjustment at the 
electrodes. 
Leachability tests will be conducted on the contaminated soils to determine the suitability of 
various additives or extractants which could be used in the buffered electrokinetic experiments. 
These tests will help assess the potential mobility of arsenic in the soils studied. 
Information from this research will not only help us understand the behaviour of arsenic 
under an electric field but it will give us further insight into the potential behaviour of arsenic in 
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the environment under different conditions. Factors affecting the mobility of arsenic are 
important in assessing the risks associated with arsenic contaminated sites. The research will 
investigate some of the physical and chemical parameters which could affect this, as well as a 
potential remediation technology. 
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2. THEORY 
 
2.1 Arsenic in the Soil Environment 
Arsenic can exist in many different forms in the soil/water environment. “Arsenic occurs 
naturally in about 245 mineral species. These range from the native element or alloys to 
arsenides, sulfides, sulfosalts, and oxidation products (oxides, arsenites, and arsenates)” 
(Woolson, 1992). As well as the mineral species, arsenic can exist in many different organic 
compounds. The behaviour of arsenic is therefore quite varied and complex in the soil 
environment. Naturally occurring arsenic is found in greatest concentrations in mineralised areas 
in association with transition metals, cadmium, lead, silver, gold and molybdenum. The majority 
of arsenic is stored in the earth as sulphide minerals with arsenopyrite (FeAsS) being the most 
abundant arsenic bearing sulphide. Soils have varied arsenic contents but average 5–6 ppm and 
naturally rarely exceed 50 ppm (Smith et al., 2003). 
Arsenic can exist in four main valence states (-3, 0, +3 and +5). “Arsenic (As) cycling 
among different valence states and chemical species in soils and natural waters is influenced by 
both abiotic and biotic processes” (Inskeep, McDermott, & Fendorf, 2002). “Generally natural 
cycling of As is low and it is anthropogenic activities that increase the cycling of As” (Smith et 
al., 2003).  
Two important species of arsenic to consider are the arsenates (+5) including arsenic acid 
and its conjugate bases/salts and the arsenites (+3) including arsenous acid and its conjugate 
bases/salts. Arsenic acid is a tribasic acid. Its acid dissociation constants (pKa values) are 
pK1=2.20, pK2=6.97 and pK3=11.53 (Linge, 2001). Arsenous acid is also a tribasic acid, however 
under natural pH conditions in soil and water environments it will only lose one proton. The acid 
dissociation constants for arsenous acid are pK1=9.22, pK2=12.13 and pK3=13.40 (Linge, 2001).  
Arsenites and arsenates are the most common species of arsenic in natural waters and soils. 
Arsenite is usually more toxic, mobile and soluble than arsenate. Which of these two forms of 
arsenic will occur is largely dependent upon the pH and the redox potential (Eh) of the 
environment (see figure 2.1.1). At high pH and Eh values (above the thick line in figure 2.1.1) 
arsenates predominate and at lower pH and Eh values (below the thick line in figure 2.1.1) 
arsenites predominate. It is important to note that chemical (abiotic) and microbiological (biotic) 
processes are inextricably linked in these environments, which effect the As species found and 
the rate and type of interchanges taking place (Inskeep et al., 2002).  
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Figure 2.1.1 – Simplified Eh/pH  diagram for arsenic-water system (Vance, 2001). 
 
The redox couple formed between arsenite (As III) and arsenate (As V) is at a potential 
which is commonly found in the natural environment. Iron, nitrogen, manganese, sulphur, carbon 
and oxygen are the most commonly found elements in soils and natural waters which undergo 
redox cycling. Therefore, these elements can have a significant influence on the cycling of arsenic 
between the two common valence states (III and V). Biological control of the cycling of arsenic 
through these valence states is common. “Laboratory studies have recently identified bacteria that 
can mediate both Fe(II) and As(III) oxidation by NO3-, and field evidence suggests that NO3- may 
influence Fe cycling in natural systems” (Senn & Hemond, 2002) therefore influencing arsenic 
cycling as well. Soluble “As tends to decrease at high NO3- levels” (Senn & Hemond, 2002). 
Micro-organisms can transform these species from one form to another very quickly if the 
conditions are favourable. Otherwise the kinetics of redox reactions involving arsenic are 
typically very slow in the natural environment especially at circum neutral pH values (Hering & 
Kneebone, 2002), although great variations can be experienced. Arsenic(III) and arsenic(V) 
species can coexist due to the inertness of many arsenic species to react with many common 
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natural oxidants and reductants (Hering & Kneebone, 2002). Arsenic(III) and arsenic(V) species 
can also coexist in oxic or anoxic conditions due to biologically mediated interconversions 
between the two. 
Arsenic(V) reduction via biological processes usually occurs due to one of two different 
reasons. Arsenic(V) can be used in respiration as the terminal electron acceptor in which case it is 
converted to arsenic(III). Otherwise arsenic(V) is commonly converted to arsenic(III) compounds 
for detoxification of the organism by excretion of arsenic(III). 
Arsenic – sulphur compounds are important in anoxic conditions in the soil environment. 
Common ones are orpiment (As4S6), amorphous arsenic sulphide (As2S3), realgar (As4S4) and 
arsenopyrite (FeAsS). These only occur under reducing conditions. In the presence of oxygen 
these compounds are unstable as the sulphur is readily oxidised to sulphate and the arsenic is 
released as arsenite. The oxidation of arsenic sulphides can be rapid in the presence of oxygen. 
This is especially so with amorphous fine grained reactive sulphides and extensive mobilisation 
of arsenic can occur (Loeppert, Jain, Klaus, & Wang, 1995).  This mechanism of arsenic release 
is common following a disturbance or change in the local redox conditions and is usually 
anthropogenic in nature. “The major release of arsenic to the pore water occurs during the 
transformation between oxidising and reducing conditions” (Loeppert et al., 1995). The amount 
of sulphur present in a reducing environment influences the arsenic retention within that 
environment. As the sulphide minerals are largely insoluble, arsenic is taken out of solution as 
they precipitate as arsenic sulphides or coprecipitate with iron sulphides. If reducing conditions 
prevail and the sulphur content is low then arsenic can remain as soluble species and be mobile. 
Arsenic contamination of water following sulphide oxidation is common from mining 
activity and mineral processing of ores rich in pyrites and arsenopyrite. Extensive arsenic 
mobilisation may also be related to lowering of water tables in some areas. Extraction of 
arsenopyrite or the ingress of oxygen into a reduced aquifer system can cause these arsenic 
bearing minerals to become oxidised, releasing arsenic as soluble arsenite from the previously 
insoluble arsenopyrite. This mechanism of arsenic release following arsenopyrite oxidation was 
thought to be the main cause of arsenic contamination of the groundwater in Bangladesh, 
however the majority of evidence does not support this (Burgess, Kinniburgh, & Ahmed, 2001). 
Iron, aluminium and manganese compounds are important in the control of arsenic cycling 
and mobility in the soil/water environment. Iron is especially important as it is commonly found 
in high concentrations and the redox couple formed between ferrous (+2) and ferric (+3) iron is at 
a potential commonly found in the natural environment. There is some evidence that metal 
oxides, especially manganese oxides can catalyse the transformation of arsenite to arsenate 
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(Hering & Kneebone, 2002). Manganese(IV) oxides can be oxidants in this redox transformation 
as well. Arsenite was found to be rapidly oxidised in the presence of MnO2 at pH 5 and 8 (Sun & 
Doner, 1998). In a study of arsenite oxidation in soil it was found that “homogeneous oxidation of 
As(III) occurs in alkaline solutions (pH>9), whereas As(III) oxidation at pH less than 9 is caused 
by heterogeneous reactions at the soils mineral water interface” (Manning & Goldberg, 1997). 
Another study of inorganic soil constituents (Goldberg, 2002) found that there was no oxidation 
of arsenite to arsenate when in solutions containing amorphous iron and aluminium oxides, kaolin 
or illite. Some oxidation was observed in solutions containing montmorillonite especially under 
high pH conditions. It was hypothesised that this was due to the presence of extractable 
manganese from this clay sample. 
Numerous sorption studies have been conducted on pure minerals as well as soils. The 
studies are quite varied in the materials which are experimented upon, the levels and type of 
arsenic contamination and type of results which are obtained. This can lead to quite different 
results being obtained for what might appear to be similar experiments. In general, the sorption of 
arsenic follows some basic principles which are common to most of the experiments conducted.  
Iron, aluminium and manganese oxides and hydroxides have a strong affinity for binding 
arsenic. Clay minerals and organic matter may also play a significant role in arsenic sorption. Iron 
and aluminium compounds are often the most abundant soil constituents which account for the 
largest proportion of a soil’s arsenic sorption capacity. The mechanism most commonly cited in 
relation to this is “specific adsorption” although this term doesn’t really imply any particular type 
of bonding. Both arsenates and arsenites can be strongly bound to surface adsorption sites and are 
removed from solution by this mechanism. This can be rapid (Loeppert et al., 1995) and is the 
basis for much of the natural attenuation of the effects of high levels of arsenic on our aquatic and 
soil environments. “Mineral surfaces play a critical role in controlling the concentrations of 
soluble arsenic in soil solution or pore water” (Sun & Doner, 1998). Arsenates are usually sorbed 
more strongly than arsenites.  
The pH can significantly affect the amount and strength of sorption of arsenic by mineral 
phases. Both arsenite and arsenate behave as oxyanions and sorption is usually increased with 
decreasing pH (the arsenates become protinated and less negative at lower pH values) or there is a 
sorption maximum around the pKa of the conjugate base (pH 9.2 for arsenite). The pH also 
affects the zeta potential of the sorbing medium which affects the rate and strength of sorption. 
The maximum sorption of arsenate occurs at low pH (usually pH 3-5) whilst the maximum 
sorption of arsenite occurs at higher pH (usually 7-9). The sorption capacity for arsenate is 
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usually greater than for arsenite although this can change at high pH values. At pH values above 
10 the arsenic sorption capacity of most minerals and soil constituents is very low.  
The dissolved constituents and their concentration in the pore water or solution to which the 
soil particles are exposed can play an important role in determining the strength and extent of 
arsenic sorption which occurs. This affects the zeta potential of the soil particles and some ions 
can also compete with arsenic for sorption sites.  
Phosphate oxyanions are one of the most important ionic species to consider in relation to 
arsenic sorption as the structure of phosphate is analogous to arsenate. Arsenic acid and 
orthophosphoric acid are both tribasic acids with similar dissociation constants. For 
orthophosphoric acid the values are 2.15, 7.20 and 12.38 (Linge, 2001). The similarity of arsenate 
to phosphate means that they can compete with one another for binding sites. Therefore by 
increasing the phosphate levels in a soil an associated increase in soluble arsenic can occur as the 
arsenate is displaced by the phosphate. Phosphate and arsenate can substitute for each other in 
many molecular structures. Commonly phosphate is found in association with arsenic bearing 
iron oxyhydroxides.  
The following paragraphs give a brief description of some of the specific results obtained 
from a range of sorption studies which are presented in the body of literature on this topic.  
Smith, Naidu, & Alston (1999) investigated sorption of arsenate and arsenite by some 
Australian soils. They found that arsenates were generally sorbed more than arsenites at the same 
arsenic concentrations. Highly oxidic soils usually sorbed much more arsenic than did soils 
containing low amounts of oxides. Arsenite sorption was increased by increasing the pH (over a 
pH range of 2 to 8.5). They suggested that arsenate sorption was not affected much by pH 
changes in soils with low oxidic mineral concentrations but in highly oxidic soils it was affected 
more by pH. As the pH was increased the arsenate sorption was reduced in all soils which they 
gave results for.  
Smith et al. (1999) also investigated the effect of solution ionic strength on the sorption of 
arsenic. They used sodium nitrate in the ionic solution and found that the ionic strength effected 
arsenate sorption much more than it did arsenite sorption. They attributed this difference to 
different sorption mechanisms between the two arsenic species. They proposed that arsenate was 
more likely to be forming outer sphere complexes whilst arsenite was forming inner sphere 
complexes as its sorption behaviour was more independent of ionic effects. This is interesting as 
formation of inner sphere complexes have been shown to occur with the adsorption of both 
arsenite and arsenate by other researchers (Robins, 1992, Sun & Doner, 1996 & Manning & 
Goldberg, 1997). A “point of zero salt effect” (PZSE) was found to be at pH 3 for arsenate 
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sorption. This was related to the pH effects on the surface charge of the soil particles. Above pH 3 
the soil would have a decreasing magnitude of negative potential at the plane of sorption with 
increasing ionic strength. This means that increasing ionic strength will increase sorption of 
arsenate at pH values above the point of zero salt effect and reduce it at pH values below the 
point of zero salt effect. This hypothesis is logical but it is not reflected in the results presented. 
The opposite appears to be occurring. The specific effects of the nitrate were not considered in 
this article and may or may not have been significant in this experimental situation. It is possible 
that there could be some competition between nitrate and arsenic for sorption by the soils.  
The effect of phosphorus, sodium and calcium on the sorption of arsenic by soil was 
presented in another paper by Smith et al. (2002). In this study they found that calcium ions in 
solution increased the amount of arsenate sorbed compared to sodium ions and this was attributed 
to changes in the surface charge characteristics of the soil particles in the different ionic solutions. 
Divalent cations increase the charge (or decrease the magnitude of the negative charge) in the 
plane of sorption of a soil particle thereby increasing affinity for anion sorption. There was also a 
small but consistent increase in arsenite sorption when in solutions containing calcium compared 
to sodium. The sorption of both arsenic species was reduced in the presence of phosphate. 
Competition for sorption sites was proposed for this effect. It was suggested that soils could have 
specific sorption sites for arsenate and phosphate as well as common sorption sites for both.  
Arsenic adsorption on ferrihydrite was investigated by Loeppert et al. (1995). They found 
that the adsorption envelopes for arsenite and arsenate on ferrihydrite crossed at pH 6.0 to 7.5 
(arsenate adsorption being greater at lower pH and arsenite greater at higher pH). Arsenite had an 
adsorption maximum around pH 9.0 which is close to its pK1 value. Arsenate adsorption released 
OH- whereas arsenite adsorption released OH- at high pH and H+ at low pH. The difference may 
be due to the adsorbed species which could be H2AsO42- and H2AsO3-. H3AsO3 would have to 
loose a proton during the adsorption process. Very high arsenite and arsenate retention was 
observed (up to 0.6 molAs(III)/molFe) . The high arsenite retention was attributed to transformation 
into a ferric arsenite phase. 
Arsenic adsorption on goethite was studied by Sun & Doner (1998). They found that the 
adsorption envelopes crossed at a pH of approximately 6. Arsenite adsorption was at a maximum 
at pH values around 7 to 8. At high pH values adsorption was small and arsenic of both forms 
was highly mobile.  
Manning & Goldberg (1997) investigated arsenic adsorption on three soils. They found that 
the percentage of iron and aluminium oxides and the clay content were the most important 
parameters in determining a soil’s arsenic adsorption capacity. In studying the bonding 
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mechanisms of arsenic sorption they found that HAsO42- adsorbed onto iron(III) oxide surfaces by 
formation of inner sphere bidentate complexes (covalent bonds). These were similar to the bonds 
formed during HPO42- adsorption. 
Goldberg (2002) looked at adsorption of arsenic on amorphous aluminium and iron oxides 
and the three main clay mineral types (montmorillonite, kaolinite and illite). For the clay 
minerals, arsenate adsorption maxima were around pH 5. Arsenite adsorption was found to be a 
maximum at pH values between 8 and 9 for all minerals studied. Competitive adsorption between 
arsenite and arsenate was also investigated. No competitive effect of arsenite on arsenate 
adsorption was observed. The competitive effect of arsenate on arsenite adsorption was only 
observed with kaolinite and illite and the effect was small. Arsenic levels investigated in this 
research were however at levels significantly lower than saturation for the sorption of arsenic on 
many of the minerals. At higher arsenic levels the results from the competitive adsorption studies 
may have been different.  
Adsorption and oxidation of arsenite was studied on four soils by Manning & Suarez (2000). 
“The rate of As(III) adsorption on the soils was closely dependent on soil properties that reflect 
the reactivity of mineral surfaces including citrate-dithionate (CD) extractable metals, soil 
texture, specific surface area, and pH” (Manning & Suarez, 2000). They suggested that the 
mobility of arsenic in soil was affected by intraparticle diffusion of arsenic into soil particles and 
the oxidation of arsenite to arsenate. They found that arsenate was more strongly sorbed at low 
pH and under these conditions it was more resistant to extraction by phosphate. 
Tokunaga & Hakuta (2001) studied soils as potential sorbents for removing arsenic from 
water. They investigated 7 reference clays and 12 soils from Japan by adding 0.05g of clay or soil 
to 25ml of 0.025 mM arsenite or arsenate solution. Their results showed that the reference clays 
did not sorb any arsenite or arsenate. The way the experiments were conducted did not allow very 
small amounts of sorbed arsenic to be detected because they were only measuring the solution 
arsenic concentrations. Clays could still play a significant role in a soil environment because they 
can constitute a large proportion of some soils. The soils which were tested sorbed varying 
amounts of arsenic from solution. Sorption maxima for arsenate occurred in the pH range of 2.5 
to 6.0. Sorption maxima for arsenite occurred in the pH range of 7.0 to 9.5. Sorption of arsenite 
was generally less than that for arsenate. The sorption capacities of the soils were correlated to 
the free iron and aluminium hydroxide contents.  
Darland & Inskeep (1997) used sand in a series of experiments to investigate the effects of 
pH and phosphorous on the sorption and transport of arsenate. The sand they used was found to 
contain low levels of iron oxides which were thought to be responsible for most of the arsenic 
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sorbed. In batch experiments arsenate sorption was reduced by 33% when phosphate was added 
at a 1:1 molar ratio. Arsenate sorption was reduced by 96% at a 10:1 ratio of phosphate:arsenate. 
Column transport experiments showed that arsenate transport was inhibited at pH values of 4.5 
and 6.5 compared to pH 8.5. The higher the concentration of phosphate in the column transport 
experiments the less retardation of arsenate flow through the columns. Interestingly, the column 
experiments showed that there was an ageing effect on the desorption of arsenate from the 
columns. The longer the sand in the columns had been equilibrated with the arsenate solution 
before running a transport test, the slower the arsenic was desorbed from the sand in the column. 
This could be due to intraparticle diffusion, occlusion or precipitation of the arsenate. The authors 
did not think that iron arsenate formation would have been an important part of this effect.   
Organic matter can also sorb arsenic oxides. Organic matter often has a very high capacity to 
sorb metals and metalloids from solution. The organic content of a soil has an effect on a how a 
soil retains elements (especially metals) and how those elements are present. Organic matter can 
readily form complexes with many elements and simple molecules. These processes are however 
extremely variable in their nature and effects. Organic complexes may be soluble, increasing the 
solubility of the complexed substance, or they may be insoluble having the reverse effect. 
Organic complexes may also be charged or neutral imparting different properties with respect to 
their sorption onto soil particles. The organic content of a soil is therefore an extremely important 
factor in controlling the mobility and availability of many elements. “Only when the capacity of 
the organic matter to complex the metal is exceeded can reaction with the soil occur” (Barrow, 
1999). It has also been suggested that organic acids could compete directly for binding sites with 
arsenite (Smith et al., 1999). At higher pH levels organic matter is more soluble and this could 
allow more sorption of arsenite onto the soil particle surface. As well as this organic matter is a 
very reactive constituent of soil. If there is organic matter present in anaerobic conditions the 
redox potential of the environment will fall as the organic matter is oxidised and broken down. 
Precipitation and dissolution reactions involving arsenic can play an important role in the 
control of arsenic mobility. The most common solid phases of arsenic in oxic conditions are iron, 
manganese and calcium arsenates. Under reducing conditions arsenic sulphides are commonly 
present. The arsenates are relatively soluble (except ferric arsenates) although not as soluble as 
the arsenites. It may be difficult for researchers to determine whether arsenic is coprecipitated 
with iron compounds or taken up by adsorption. If adsorbed arsenic is bound to the surface of an 
iron oxide the arsenic may enter the interior of the oxide by simple diffusion or the iron oxide 
may grow to surround the arsenic. Either way the reaction kinetics of this type of structure would 
tend towards precipitation – dissolution kinetics. Arsenic bearing compounds which 
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predominantly have the arsenic adsorbed onto the surface would tend to show more typical 
adsorption – desorption kinetics.  In a study of arsenic mobilisation from lake sediments it was 
hypothesised that dissolution/precipitation mechanisms were predominant and that this related to 
the solubility of a thin surface layer of iron-phosphorous-iron-arsenic oxyhydroxide on the 
sediment particles (Linge & Oldam, 2003). Both processes could be occurring simultaneously and 
the difference between the two binding mechanisms may not be easily distinguished in many of 
the experiments conducted. 
Falling redox potentials in the environment can greatly affect the amount of soluble arsenic 
present as ferric oxyhydroxides are reduced to soluble ferrous iron compounds. Any arsenic 
bound up with the ferric oxyhydroxides will be released and there will also be a shift in the 
predominant species of arsenic to the arsenites which are more soluble and less strongly sorbed 
by other soil constituents. Reductive dissolution of iron oxyhydroxides in many aquifers in 
Bangladesh is thought to be the main mechanism of arsenic mobilisation there (Burgess et al., 
2001). The high mobility of arsenic after a pyrite oxidation event or after reductive dissolution of 
iron oxyhydroxides may only be transitory depending on the conditions. If oxic conditions prevail 
then arsenic will be sorbed by iron(III) compounds. If extreme reducing conditions with enough 
sulphur are present then the arsenic will be precipitated in sulphides. “Under conditions more 
reducing than the Fe(II) – Fe(III) boundary, yet more oxidising than the sulfate – sulfide 
boundary (anoxic conditions), As is mobile” (Hostetler, Batts, & Simeoni, 2001) and will remain 
mobile unless the conditions change. 
A number of leaching experiments on arsenic bearing soils and tailings have been conducted 
by researchers to determine the potential mobility of arsenic in the environment and to assess 
potential extraction agents for soil decontamination.  
Phosphate has been suggested as a possible extractant for use in the washing of arsenic 
contaminated soil in order to decontaminate the soil of arsenic (Alam, Tokunaga, & Stangnitti, 
2001). They tested three soils and found sorption selectivity coefficients for phosphate compared 
to arsenic were in the range of 3.3 – 4.7. Both increasing phosphate concentrations and repeat 
washing increased the proportion of arsenic extracted. In testing potassium and sodium salts they 
found potassium phosphate was the most effective extraction agent.  
Heavily contaminated mine tailings (1.1% to 2.3% arsenic) from Russia were tested with 
four leaching agents; water, 0.001M nitric acid, 1% ammonium bicarbonate and 10% ammonium 
hydroxide (Gaskova, Bessonova, & Bortnikova, 2003). Both batch and flow through experiments 
were conducted. The arsenic was thought to be predominantly in the form of arsenates bound to 
iron and aluminium oxides. It was found that increased leaching of arsenic occurred with 
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increasing pH of the leaching fluid (although plain water leached the least amount of arsenic). 
After leaching all the solutions had a pH of between 8.3 and 9.1 due to the buffering effect of 
magnesium and calcium carbonates in the tailings. Solution magnesium and calcium levels 
correspondingly increased after testing.  
A number of acidic and basic batch leaching procedures were carried out on a fine grained 
(85% silt and clay content) arsenic contaminated soil slurry (Zambrano & Chilcote, 1992). The 
slurry contained 35% soil. Arsenic levels were 1035 ppm and 3650 ppm in the two soils samples 
used for testing. The acid extractants, which were conducted at pH 1, included hydrochloric 
(HCl), sulphuric (H2SO4) and nitric (HNO3) acids. Of these, the sulphuric acid was the best 
leaching agent, extracting 5.7% of the arsenic into solution. When sodium thiosulphate (Na2S2O3) 
was added to hydrochloric acid the extractable percentage of arsenic went up from 0.2% (without 
Na2S2O3) to 12.7%. The authors did not speculate as to the reasons for this but the effect could 
have been due to a number of factors including the reduction of arsenate to less well sorbed 
arsenite, reductive dissolution of some of the soil’s oxidic minerals which were binding the 
arsenic and perhaps some enhanced competition from sulphate ions which may have formed. The 
basic extractions were performed with sodium hydroxide (NaOH) at pH 11. Alone NaOH 
extracted 10.8% of the arsenic. However, with 10% ethanol it extracted 62%. At a pH of 11 
arsenate and arsenite could be expected to be very weakly sorbed and quite mobile. The authors 
offered no explanation as to why ethanol was so effective as an extractant. Arsenate may have a 
strong affinity for ethanol as a solvent. Other high extraction rates were found with combinations 
of 5%NaOH / 1%Na2S2O3 / 19%Na2CO3 (63.7% of arsenic extracted) and 3%NaOH / 1%NaOCl / 
17%Na2CO3 (59% of arsenic extracted). 
The aging affect of arsenic retention by soils has been reported (Manning & Suarez, 2000). It 
results in less arsenic being readily available for exchange. This may be related to intra-particle 
diffusion of the arsenic and results in a decrease in the exchangeable amount of arsenic in the soil. 
This process is very slow. Affects of aging on the amount of exchangeable arsenic could also be 
related to slow oxidation of arsenites on mineral oxide surfaces in oxic environments. This can 
also slowly reduce the mobility of arsenic in a soil. 
Assessing the mobility and bioavailability of arsenic are important in assessing the risks 
associated with arsenic contamination. The bioavailability of arsenic in soils can be assessed 
using many different methods. Studies of arsenic uptake by plants and animals from controlled 
environments of known arsenic content are one way to assess the bioavailable fraction. “Plant 
uptake of As (as well as Cu and Pb) may be influenced by; age of soil contamination, pH 
changes, temperature and phosphorous levels” (Smith et al., 2003). The type of plant is also an 
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important factor with some plants being quite tolerant of arsenic contaminated soils (e.g. couch 
grass (Smith et al., 2003) and my own field observations). Some plants can even hyperaccumulate 
arsenic such as the Chinese brake fern (Chen et al., 2002) The use of this plant has been 
suggested as a possible phytoremediation tool for arsenic contaminated soils.  
It may be valid to consider the total arsenic content of a soil to be potentially bioavailable 
because under the right circumstances all the arsenic could be solubilised and readily available for 
uptake by organisms and disperse into other parts of the environment. 
 
2.2 Electrokinetic Remediation of Arsenic Contaminated Soils and Sediments 
The following article is presented to cover the theoretical background and literature review 
to electrokinetic remediation of contaminated soils with an emphasis on the remediation of 
arsenic contaminated soils and sediments. The author of this thesis made the substantial 
contribution to researching and writing the article, with the other authors conducting the research 
work in the field and offering editorial input. The article is presented “as submitted” to CSIRO 
Publishing in March, 2003. The published version is very similar with the exception that the 
section on lead, cadmium and copper has been omitted. 
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Abstract 
Heavy metal, including arsenic, remediation by electrokinetics is reviewed. The 
fundamentals of the three different transport mechanisms involved in electrokinetics – electro-
osmosis, electrophoresis and electromigration - are outlined. Their application to contaminated 
soils and sediments is discussed. Many complex parameters in addition to contaminant and soil 
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chemistry interact in such systems, these include electrode materials, structure and configuration, 
applied current and voltages, potential additives (typically introduced at an electrode or as a 
corrosion product of an electrode) and the time of applied current and voltage. Finally, site and 
sample testing requirements are indicated, together with factors that influence the economics of 
this remediation approach.    
 
Introduction 
Concentrations of arsenic, lead, cadmium and other heavy metals in the surrounding surface 
soils and rocks pose a threat to the health and well-being of flora, fauna and humans.  Many 
heavy metals and metalloids contaminate our environment.  Human and natural processes can 
concentrate these elements into specific areas of soil and rock.  These elements then interact with 
water, vegetation and micro-organisms within the environment and find their way into flora, 
fauna and human systems.  Significant occurrences of contaminated sites in Australia and other 
parts of the world result from natural mineralisation, mining activity, industrial processes and past 
herbicide and pesticide use.  
On determining the presence of unacceptable levels of these elements, there is a need to 
economically remove the presence or toxicity of these elements.  There are a number of options 
available to handle and isolate the presence of these elements. 
The methodologies include; 
1) Encapsulation or isolation of the toxic elements. 
2) Solidification or stabilisation in situ. 
3) Excavating the toxic material and moving it to an isolated controlled site (“dig and 
dump”). 
4) Concentration and retrieval of toxic elements for further treatment, recycle or 
disposal. 
Time and natural physical forces allow the break down of the encapsulation and isolation 
systems and can quickly exacerbate the presence of these toxic elements in the immediate and 
distant surrounds.  The problem is not solved, but just delayed and possibly made worse.  An 
economic remediation option that results in the removal of the toxic compounds to acceptable 
levels would generally be the preferred option. 
The type of element, its form and the mode of disturbance (human interaction and/or natural 
processes) have the effect of determining whether the presence of the element can be statistically 
defined in its distribution or whether there are mechanisms which must be defined to understand 
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and determine its distribution.  These mechanisms must be understood otherwise the applied 
solutions with time may lead to greater and more accentuated toxicity problems. 
 For example, if arsenic bearing minerals within an encapsulated environment become 
exposed to oxygen, they may be oxidised, then dissolved in water and be subsequently 
transported to another site where they can accumulate by sorption or precipitation.  The arsenic 
can subsequently concentrate in a particular area.  The implications are that besides the chemical 
and physical attributes of the toxic material, the mechanisms causing distribution and 
concentration of the toxic element are fundamental to the solution of removing and ameliorating 
it. 
 
Electrokinetic phenomena in soils 
Electrokinetics can be used to transport substances through soil.  It involves placing 
electrodes in the soil and applying a voltage across them, inducing a direct current to flow 
through the soil.  This process can be performed in situ or ex-situ on contaminated soils and 
sediments to aid in their remediation. 
  Electrokinetics in soils involves three different transport processes.  These are electro-
osmosis, electrophoresis, and electromigration. 
 
Electro-osmosis  
Electro-osmosis is the migration of water through the capillary network of soil particles 
under the influence of an electric field.  This happens when the soil or pore water is in contact 
with fine capillary structures between soil particles which have a charged surface.  An electric 
double layer formed within the pore water, so that charge neutrality is maintained between the 
solid surface and the liquid, causes it to move under the influence of an electric field.  This in turn 
drags the rest of the water in the pore/capillary with it.  In 1879, Helmholtz described this 
phenomenon and Casagrande (1952) proposed that the electro-osmotic flow rate could be 
mathematically described;  
qe=ke.ie.A. 
where; 
 qe = electro-osmotic flow rate of water (m3/s) 
ke = coefficient of electro-osmotic permeability (m2/V.s) 
ie = electropotential gradient (V/m) 
A = area (m2) 
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This is analogous to Darcy’s equation for the hydraulic flow rate of water (Q=kh.ih.A), where 
the subscript, h, defines the hydraulic parameters of gradient and permeability. 
The electro-osmotic permeability is largely independent of the particle size distribution and 
the pore/capillary size of the soil (unlike the hydraulic permeability).   Electro-osmotic 
permeability depends on the zeta-potential, the tortuosity of the capillary structure and the 
effective porosity of the soil.  Values of electro-osmotic permeabilities for soils do not vary much 
ranging from about 10-6 to 10-5 cm2.V-1.s-1 with average values around 5x10-5 cm2.V-1.s1 
(Casagrande, 1952).  Hydraulic permeability is largely influenced by pore size (particle size 
distribution and compaction). 
The zeta-potential of a soil is defined as the electric potential at the boundary between the 
fixed and mobile part of the electric double layer.  A clay surface carries a net negative charge.  
To balance this charge two layers, the Stern and Gouy layers, are formed adjacent to the clay 
particle surface.  The Stern layer is a fixed layer of ions which oscillate about fixed positions.  
The Gouy or diffuse layer is a layer of ions in solution.  There is a plane of shear between the 
fixed and mobile parts of the diffuse layer.  The potential at this plane is the zeta potential.  It is 
affected by the pH, the concentration of ions in solution and the valence of the ions.  Eykholt and 
Daniel (1994) found that at very low pH values the zeta-potential was reversed.  West and 
Stewart (2000) found that cationic contaminants (lead II in their case) at levels above the cation 
exchange capacity of the soil caused a reversal in zeta-potential at mid-range pH values.  They 
noted that there were significant differences in results between researchers about the effects of pH 
and cationic concentrations on zeta-potentials.  However generally it has been found that a 
lowering of the pH will reduce the magnitude of the zeta-potential although it may or may not 
reverse it. 
  Electro-osmosis is slowed down as the concentration of ions in solution increases.  
Increased ionic concentration of the pore water reduces the thickness of the electric double layer 
so the moving force exerted on it is not as great and it does not drag as much of the free water 
with it. 
Electro-osmosis has been used since the 1930s to dewater and stabilise problematic 
excavations in Europe which contained very wet fine-grained soils by the application of a direct 
current (Casagrande, 1952).  The soils were dewatered and stabilised, with the water moving 
from the positive anode to the negative cathode.  Marine clays in Singapore were also dewatered 
and stabilised using this method during the construction of a dry dock (Chappell and Burton, 
1975).  It was found that the sheet piles supporting the excavation dissolved during the process as 
the electric current was passed through them.  The dissolved iron from these piles subsequently 
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redeposited as Fe(OH)3 which filled the soil pores near the cathode electrodes.  This strengthened 
the soil forming the dry dock allowing construction to proceed.  Values for power usage to 
dewater soils vary from 0.5 to 60 kWhr/m3 (Casagrande, 1952 and Chappell and Burton, 1975). 
   
Electrophoresis  
Electrophoresis is the transport of charged particles, usually micelles or colloids, relative to a 
stationary liquid.  The electrophoretic mobility is proportional to the electrical gradient and the 
charge on the species in question and it is inversely proportional to the viscosity in the media 
(particle size, concentration and fluid viscosity influence the media viscosity).  
   
Electromigration 
Electromigration is the mass movement of charged species (ions in solution).  Its effects 
have been quantified by Acar and Alshawabkeh (1993).  They proposed that; 
J = u.c.ie, 
where;  
J = mass flux (migration) of ionic species  
  u = effective ionic mobility (m2/V.s) 
c = concentration of ionic species 
 
Application of electrokinetic processes in contaminant removal 
Electrokinetic processes can be used in the removal of certain contaminants (eg heavy 
metals, metalloids, organics and radionuclides) from fine-grained soils.  If the contaminants can 
be moved to an electrode, they may be removed by electroplating, precipitation, co-precipitation, 
pumping and treating the contaminated fluid from around the electrode or complexing with ion 
exchange materials (Cauwenberghe, 1997). 
Electro-osmosis and electromigration can work together to move contaminants through soils.  
For example, the usual electro-osmotic flow of water to the cathode and electromigration of 
cations to the cathode.   The processes can also work in competition.  For example, anions 
moving to the anode with an electro-osmotic flow of water to the cathode.  In this case it is 
possible to have anions move to the cathode if the velocity of flow of the water is greater than the 
velocity of electromigration towards the anode.  However, it seems that electromigration is often 
the dominant mode of transport of charged species. 
 The rate of species transport has been proposed as (Alshawabkeh et al, 1999); 
  
36
v = (n u τ + ke) ie, 
where; 
 v = rate of species transport (m/s) 
 n = porosity of soil 
 τ = factor accounting for tortuosity and species concentration 
 ke = coefficient of electro-osmotic permeability (m2/V.s) 
 ie = electropotential gradient (V/m) 
Typical values for porosity (n) and the tortuosity and concentration factor (τ) are 0.4 and 0.3 
respectively. 
  Electrokinetics can also be used to introduce substances into the soil in order to enhance or 
promote another remediation process.  Examples are bioremediation where micro-organisms and 
nutrients can be used, solidification and stabilisation of contaminants in situ and oxidation using 
oxidising agents like hypochlorite, peroxide or iron.  Electrolysis of certain contaminants might 
also be achieved. 
As well as the processes driving the movement of water and charged particles there are a 
number of other important processes occurring.  One of the major processes is hydrolysis of water 
at the anode and cathode. 
At the anode (+):   2H2O => O2(gas) + 4H+ + 4e- 
and at the cathode (-): 2H2O + 2e-=> 2OH- + H2(gas)  
The H+ ions (protons) build up around the anode and migrate towards the cathode.  The 
movement of these ions causes an acid front to migrate across the soil towards the cathode.  The 
OH- (hydroxyl) ions build up around the cathode and migrate towards the anode.  This alkali zone 
does not usually extend as far as the acidic zone.  The hydroxyl ions are not nearly as mobile as 
the protons and hydroxide precipitates are common near the cathode.  In addition to these factors, 
the transport of the H+ ions across the soil is usually aided by the electro-osmotic flow.  The 
ability of a soil to resist changes in pH is its buffering capacity.  Buffering capacity varies for 
different soils and if large it can be a hindrance to achieving a suitable pH for mobilisation of the 
species in question. 
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The pH affects electrokinetics in soil.  As the pH changes advance, they affect the zeta-
potential of the soil and the mobility of ions.  Metallic ions may precipitate out when the pH is 
high enough (often as hydroxides).  Other ions may precipitate out under low pH conditions.   
As well as hydrolysis occurring at the electrodes, it is possible to have other redox reactions 
occurring, both at the electrodes and elsewhere within the soil.  Redox potentials change 
markedly around the electrodes and these tend to increase the resistance to current flow and to the 
transport processes occurring in the soil. 
  Structural changes also occur to the soil as this process dewaters it.  After the application of 
an electric current to soil, the soil usually has a higher strength and will not be able to absorb as 
much water as previously.  This can be due to the formation of cementitious compounds in the 
soil and changes in the way the soil particles bond together (Acar et al, 1994). 
 
Electro-remediation – studies with lead, cadmium and copper 
Laboratory experiments and field trials have been conducted on soils contaminated with 
heavy metals.  Lead in particular has been widely studied giving some insights into general 
electrokinetic phenomena.  
  Hamed et al (1991) investigated the efficiency of removing lead(II) from artificially 
contaminated kaolinite by electrokinetics.  They found that a number of factors influenced the 
efficiency of the lead removal and the energy consumption required to achieve this.  The factors 
include the pH, water content, current density and soil chemistry. 
A low pH causes desorption of most heavy metals, increased conductivity and reduced 
electro-osmotic flow.  The acid front migrating from the anode was important in mobilising the 
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lead.  They were able to remove up to 95% of the lead from the kaolinite.  A significant amount 
of the removed lead was electroplated on the cathode. 
The water content and chemical concentrations influenced the electro-osmotic flow rate.  
The higher the moisture content and the lower the concentration of ions in solution the greater the 
electro-osmotic flow rates achieved. 
The current density controlled the production of hydrogen ions at the inert anodes.  The 
higher the current the more hydrogen ions were produced.  It was found that there was an optimal 
current to promote electro-osmotic flow efficiency and contaminant migration.  High current 
densities can also increase the temperature of the soil, increasing soil conductivity and energy 
usage. 
Soil chemistry changes especially around the electrodes had a large influence on the process.  
Conductivity increased around the anode due to hydrogen ion generation.  This favoured 
increased mobility of the lead.  Hydroxyl ion production at the cathode increased the pH leading 
to precipitation and sorption of the lead in this region.  There was a subsequent decrease in 
conductivity in this zone.  Therefore pH conditioning at both the anode and cathode was 
considered important to maintain electro-osmotic flows and a suitable pH for mobilisation of the 
contaminant species. 
Rodsand et al (1995) investigated the electrokinetic extraction of lead from spiked 
Norwegian marine clay.  They found that about 70% of the lead could be removed from this illitic 
clay.  The majority of the lead removed from the clay deposited on the cathode.  Cathode 
depolarisation with acetic acid (an additive introduced at the cathode) and a lowering of the pH 
was important in the removal of the lead from the clay.  Without the addition of acetic acid much 
of the lead precipitated out near the cathode as Pb(OH)2.  
Reed et al (1995) investigated a loamy soil artificially contaminated with lead(II) nitrate.  
They found that the electrokinetic transport of lead was most efficient at low pH values.  At a pH 
of approximately 3.5, most lead was mobile in the soil and about 90% of it was able to be 
removed from the electrokinetic test cell.  It accumulated in the electrolyte reservoir at the 
cathode and also electroplated onto the cathode.  At this low pH, the electro-osmotic flow rate 
was negligible.  However no reversal of the electro-osmotic flow was observed with any of their 
experiments.  They also used the addition of acetic acid to decrease the pH at the cathode.  
  Acar et al (1994) investigated the removal of cadmium(II) from kaolinite by 
electrokinetics.  Over 90% of cadmium(II) was able to be removed.  They found that when the pH 
was low, less than four, removal was mainly due to electromigration rather than electro-osmosis.  
Either cadmium(II) was precipitated in the basic zone near the cathode or elemental cadmium was 
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electrodeposited onto the cathode.  An additional effect observed in the process was the formation 
of cementitious products and the soil structure was permanently changed. 
Eykholt and Daniel (1994) studied the impact of system chemistry on the removal of 
copper(II) from kaolinite.  The effects of pH were dominant.  Copper was mobilised from the low 
pH zones near the anode and precipitated out near the cathode where the pH remained above six.  
Higher pH values correlated with higher electro-osmotic flows.  The zeta-potential and fluid flow 
at the cathode was reversed when nitric acid was added and the pH reduced. 
 
Arsenic remediation by electrokinetics 
A limited number of laboratory experiments and field trials have been conducted with 
respect to electrokinetic treatment of arsenic contaminated soils.  Results have often been variable 
and inconclusive with many important parameters not reported. 
Wittle and Pamukcu in 1993 (Pamukcu and Huang, 2001) removed 27.2% – 64.3% 
arsenic(V) from clays and sands in laboratory experiments.  54.7% – 64.3% removal was 
achieved in most experiments, but only 27.2% when the clay (kaolinite) had a humic (organic) 
solution added to it.  This may be due to an affinity of the arsenate for organic matter. 
Laboratory tests have been conducted on artificially contaminated silt (Senneset and Strout, 
1998).  The silt was contaminated with copper, chromium and arsenic to simulate the 
contamination produced by wood preservative solutions. The soil was saturated and separated by 
filter cloth from the electrodes.  A graphite plate anode and stainless steel mesh cathode were 
used.  A buffering agent, Cadex™, was used at the cathode to reduce the effect of the hydroxyl 
ions generated.  A constant current density of two Amps/m2 was applied for 63 days.  The fluid in 
the cathode compartments was changed every seven to ten days and analysed for contaminant 
concentrations.  Chromium concentrations in the soil were reduced from 400 ppm to 100 ppm.  
Arsenic concentrations were reduced from 286 ppm to 226 ppm.  The data obtained for copper 
was questionable due to contamination of the experiment by a brass screw, however it seems that 
it was largely removed (approximately 90%).  The arsenic was very slowly removed in this 
experiment and Senneset and Strout (1998) suggest it may not have been possible to remove a 
significant amount of the arsenic using this method. 
Maini et al (2000) conducted bench scale experiments on a silt from a former gasworks site 
which had a mix of metal and organic contaminants including lead, zinc, manganese, copper, 
arsenic, polycyclic aromatic hydrocarbons, benzene, toluene, ethylbenzene and xylene.  Arsenic 
levels averaged 138 mg/kg.  In their first experiment, planar electrodes were used in a small tank.  
The anode was a carbon felt and the cathode was stainless steel mesh.  An acidic anolyte was 
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added and the pH was adjusted to 4.5 at the cathode by addition of acetic acid.  No significant 
movement of arsenic was observed.  The polycyclic aromatic hydrocarbons were however 
significantly reduced (>90%).  They were extracted in the fluid from the cathode which moved 
there by electro-osmosis.  In the second experiment a hexagonal array of anodes was placed 
around a central cathode.  It was noticed that soil not in a direct line between an anode and the 
cathode was not affected by the electrokinetic process.  The soil was acidified using formic acid 
and this acid was also added to the anolyte used.  This experiment ran for 112 days using current 
densities of between 1.28 and 3.72 Amps/m2.  Arsenic concentrations were increased to 171% of 
starting concentrations close to the anodes. 
Laboratory experiments have been conducted to show that arsenic can be removed using 
electrokinetics (Lageman et al, 1990).  Clay with 300 ppm arsenic was tested after which the 
arsenic levels had dropped to 30 ppm.  River sediment with 13 ppm arsenic was also tested after 
which the levels dropped to 4.4 ppm. 
A former timber treatment site with levels of arsenic up to 400 ppm, with an average for the 
site of 115 ppm, was remediated using electrokinetics (Lageman et al, 1990).  The arsenic 
contamination was attributed to Na2HAsO4.7H2O.  The soil was heavy clay.  Treatment 
proceeded for about three months during which most of the site showed a marked decrease in 
arsenic levels (to below 30 ppm).  One area of the site failed to respond as quickly as the rest.  
This area still had arsenic levels of up to 250 ppm when the electrokinetic process was stopped.  
The soil here was excavated and numerous buried metal objects were found.  These formed 
preferential flow paths for the electric current in the soil so the movement of the arsenic in this 
area was slowed.  This field trial used unspecified conditioning fluids which were circulated 
around the electrodes in the ground.  This fluid was treated to remove the arsenic from it.  It 
appears that the arsenic was largely moved to the anodes.  An initial voltage of 40 V/m was used 
which then dropped to 20 V/m after about three to four weeks.  The current density was around 
four Amps/m2.  This resulted in a warming of the soil from 7˚C to around 50˚C. 
Electrokinetics Inc. has applied electrokinetics to a silty sand at an active power substation 
(USEPA, 2000).  The soil was contaminated with arsenic trioxide from past herbicide use.  Bench 
scale and field pilot studies were conducted.  Both electrokinetic extraction and stabilisation of 
the arsenic were trialled.  With the extraction tests, an unspecified depolarising agent was added 
at the cathode to keep the pH neutral to slightly basic.  In the bench extraction test 99% of the 
arsenic was able to be removed from the soil.  The arsenic behaved as an anion, moving to the 
anode from where it was extracted.  The stabilisation tests used electrokinetics to introduce a 
proprietary arsenic binding compound into the soil.  This forms an insoluble precipitate with 
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arsenic.  The bench stabilisation tests showed that the soil passed both TCLP and SPLP 
leachability tests (defined by the USEPA) after 30 days. 
These experiments highlight the difficulty of treating arsenic contamination by 
electrokinetics, particularly when it is mixed with other contaminants.  Conditions which mobilise 
other contaminants (eg heavy metals) may not be conducive to mobilizing and removing arsenic. 
 
Electrode Materials, Design and Configuration 
Normally corrosion of the electrodes is undesirable and should be minimised.  This is 
particularly true in laboratory investigations, where the effect of the electrode corrosion products 
on the experimentation should be determined. Hence, the anode must be particularly corrosion 
resistant.  Materials which can be used are graphite, platinum or platinum coated metal (titanium 
is common), and certain titanium oxides (e.g. Ebonex™) which are conductive and corrosion 
resistant.   
On certain occasions, sacrificial electrodes may be used, typically once the effect of the 
corrosion product(s) has been determined.  Plain steel anodes can be used which will introduce 
iron (initially as Fe2+) and other alloying elements into the soil.  Cathodes are less susceptible to 
corrosion and therefore the choice of material is not as restrictive.  The cathodes need only to be 
stable in a basic environment. 
In the choice of electrode structure, some consideration must be given to the need to add, 
remove or circulate fluids through or around the electrodes.  For this purpose, hollow electrodes 
are useful.  Otherwise a solid electrode may be placed in a trench or borehole which will contain 
the circulating fluid.  A filter material is required in this case to stop soil entering the fluid well 
and preventing ease of removal and/or addition of fluid.  The filter material might also act as a 
repository for the contaminant(s) being removed.  
Vertical configurations of electrodes are the most common and can usually easily be 
installed into drilled boreholes or trenches.  Solid or hollow cylindrical electrodes or sheet 
electrodes can be used.  The use of sheet electrodes provides a constant electric field across the 
soil.  The use of rows of cylindrical electrodes approximates a constant field across the soil with 
divergence from this only occurring close to the electrodes.  The closer together that electrodes at 
the same potential are (i.e. cathodes or anodes) the more constant the electric field will be across 
the whole site.  Other configurations are possible as well.  A central electrode can be surrounded 
by electrodes of the opposite potential.  This causes the electric field to be stronger the closer it is 
to the central electrode.  The advantage of this configuration is that it allows contaminants to be 
collected at a single central point.  Electrode spacings from 2-10m in field trials are common. 
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Horizontal configurations are also possible.  The Lasagna™ technique (Monsanto, 1998) uses 
horizontal electrodes for handling deep contamination (greater than 15m from ground surface).  
These electrodes are formed by hydrofracturing followed by injection of a granular graphite 
material.  It is also possible to form a horizontal electrode configuration by placing insulated 
cylindrical electrodes vertically in the ground.  The bottom ends of these electrodes are left 
without insulation and contact the soil.  The top electrode can be a sheet of mesh or bars placed at 
or near the surface. 
 
Applied Voltage and Current Density 
A voltage gradient of 50-100V/m is a reasonable starting point for the testing of 
electrokinetic remediation (USEPA, 1997 and Alshawabkeh et al, 1999).  When higher voltage 
gradients are used, the efficiency of the process may decrease due to increases in soil temperature 
(USEPA, 1997).  Some researchers do not believe that soil heating is a problem and may even 
enhance remediation (Athmer and Huntsman, 2001).  This is likely to be contaminant and/or 
location specific. Current densities are usually in the range of one to ten Amps/m2.  The higher 
the ionic concentrations of the pore water, the greater the current density needs to be to maintain a 
voltage gradient capable of moving the contaminants effectively (Alshawabkeh et al, 1999). 
 
Time of Remediation 
There are no specific time frames applicable to electrokinetic remediation.  The process 
often seems to be very slow with respect to arsenic (Senneset and Strout, 1998).  Alshawabkeh et 
al (1999) proposed that the time of remediation (t) in seconds can be estimated by; 
t = L / (n u τ + ke).ie, 
where; 
 L = distance between cathodes and anodes (metres). 
 
Enhancement Agents and Additives 
There is the potential to add any environmentally acceptable and/or economically viable 
agent into the electrokinetic remediation process. The most obvious and direct location for 
enhancement agents (additives) is via the electrode zones. It might be useful to add water at the 
anode to maintain conductivity.  If the high pH fluid is collected at the cathode and treated to 
remove any contaminants it can be put back in at the anode. 
Inorganic acids have been suggested by some to be beneficial.  Sulphuric and phosphoric 
acids have been mentioned in the literature (USEPA, 2002).  The usefulness of these is 
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questionable as the chemical adsorption of arsenate is increased under acidic conditions. Organic 
acids, including humic, fulvic, lactic, citric, oxalic and acetic acids have also been suggested, but 
as mentioned their usefulness is questionable. Alkaline conditions tend to mobilise arsenic, 
especially arsenate, although not arsenite (Darland and Inskeep, 1997).   
Phosphate is chemically analogous to arsenate so it may enhance the mobilisation of sorbed 
arsenate (Darland and Inskeep, 1997 and Alam et al, 2001).  
 
Site characterisation 
Site characterisation and sample testing should be conducted prior to application of 
electrokinetics in the field.  This can include determination of soil pH, which can affect the 
valence, charge, solubility and sorption of arsenic species in the soil.  Contradictory thoughts 
have been expressed by researchers regarding the appropriate pH values for electrokinetic 
remediation of arsenic.  For example “it is indicated that alkaline conditions favour arsenic 
electromigration” (Virkutyte et al, 2002) and “arsenic will form anionic soluble complexes in an 
acidic environment” (Alshawabkeh et al, 1999).  High electrical conductivities (e.g. saline 
waters) can greatly reduce the efficiency of electrokinetic remediation.  Significant energy can be 
expended in moving the more mobile (conductive) constituents in the pore water without moving 
the contaminant species.  Electrical conductivity surveys should be undertaken to define the 
variability of the conductivity prior to conducting field work.  Such factors as buried metal 
objects (Lageman et al, 1990 and USEPA, 1997) and deposits of material of high conductivity 
can adversely affect the performance of electrokinetic remediation (USEPA, 1997), making the 
process inefficient.  
Soil characterisation should include chemical analysis of soil constituents and analysis of 
pore water constituents, cation exchange capacity (CEC), buffering capacity, porosity/void ratio, 
moisture contents and depths to water table, particle size analysis, homogeneity of soil on site, 
hydraulic permeability and electro-osmotic permeability. 
If zones of high permeability exist, these can make electrokinetic remediation difficult as 
preferential hydraulic flow channels can be formed which negate the effectiveness of the electric 
field in moving the contaminants. 
Laboratory-scale electrokinetic testing should be considered prior to a full scale field project 
so that the particular soil in question can be assessed.  There is currently very limited knowledge 
to accurately predict the performance of electrokinetic remediation, even if all of the soil 
parameters and heterogeneity have been quantified. The results of these tests will guide the 
application and design of the field testing and ultimately the remediation strategy. 
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Case study – Ballarat, Australia 
A field trial was conducted at an arsenic contaminated site in Ballarat which had been 
subject to past gold mining activity.  Boreholes were drilled on the site to determine some basic 
site characteristics, including; 
• The depths and types of soil strata present 
• Arsenic concentrations in the soil 
• Moisture content and density 
• Organic content of soil 
• Depth to water table 
• Arsenic concentrations in the groundwater 
The site was covered with a layer of mixed fill material to a depth varying between 1.0 and 
2.5 metres.  It contained clay, silt, sand and some pockets of gravel.  The depth to the water 
varied from between four to ten metres below surface level.  From this information it was 
possible to construct a contour plan of the water table depth and determine the direction of flow 
of groundwater.   
Arsenic concentrations on the site varied considerably.  An area of eight by twelve metres 
with elevated arsenic concentrations (12–546 ppm) was selected to conduct the electrokinetic 
field trial.  Parameters used in the field trial included; 
- Electrodes placed in a four by four metre grid pattern 
- Mild steel bars used as electrodes, placed vertically approximately three metres into 
ground 
- Electrodes placed in the centre of 300mm diameter boreholes backfilled with vermiculite 
(a potential absorbent for arsenic arriving at the electrode wells) 
- Applied voltage of between 60 and 120 volts (15-30V/m) 
- Current densities were approximately 0.1-0.2 Amps/m2 
- Electric current applied for up to five days across each test zone 
- Water was added to the vermiculite around the electrodes to moisten soil and improve 
conductivity 
Results from the field trial were somewhat inconclusive.  Arsenic was concentrated 
significantly (up to 2930 ppm) around some electrodes and reduced to three or less ppm at others.  
Arsenic was moved considerably within some of the soil but was not able to be reduced 
significantly throughout much of the soil volume. 
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This trail showed the need for a greater understanding of the forms of arsenic occurring at 
this site and the parameters which influence its mobility.  Appropriate chemical conditioning of 
the soil could then be undertaken to enhance the electrokinetic remediation.  Different collection 
systems for the arsenic also need to be assessed, such as circulating electrolyte systems, which 
could remove arsenic and concentrate it outside the soil mass.  Concentration gradients which 
would have to develop if all the arsenic was to be concentrated and sorbed around the electrodes 
may be too great to achieve.  The short duration of the trail, due to time constraints, was another 
factor which probably limited its effectiveness. 
 
Cost considerations 
Cost elements which should be considered prior to electrokinetic remediation include 
(Alshawabkeh et al, 1999); 
- Electrode materials, design and their installation 
- Electric power source and cost (e.g. mains connection, batteries, solar, wind) 
- Enhancement agents (types, volumes and how/when added) 
- Post treatment of contaminated electrodes, electrode solutions or concentrated soils 
volumes 
- Fixed costs – including capital, rental, labour, insurance and others (many relating to the 
duration of the remediation project).  
 
Advantages of Electrokinetic Remediation; 
While earlier noting the difficulties that can arise when attempting to apply electrokinetic 
remediation, the technique does potentially offer a number of significant advantages. 
Electrokinetic remediation:- 
- can treat soils of low hydraulic permeability. 
- can treat soils in situ. 
- can control the flow of water and movement of contaminants. 
- can equally treat the entire soil mass between the electrodes. 
- can be used in conjunction with other techniques of decontaminating or stabilizing soils 
and sediments. 
- can possibly treat both saturated and unsaturated soils (although some moisture must be 
present for the process to be effective). 
- has the potential to deal with multiple contaminants in the one operation.   
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Many contaminated sites have multiple contaminants, although the application of this 
technology with respect to arsenic may limit its effectiveness to deal with other contaminants at 
the same time. 
 
Disadvantages of Electrokinetic Remediation; 
Potential disadvantages of electrokinetic remediation include: 
- Variations in soil pH caused by the process may or may not be useful or harmful to the 
environment. 
- Large variations in electric potential can develop across a soil being treated due to metal 
objects or differences caused by the soil chemistry.  
- Can take a long time to achieve removal of certain contaminants in practice. 
- Dewatering and associated soil consolidation may cause large cracks to develop in the 
soil which can disrupt even conductivity through soil and form zones where preferential 
fluid flow occurs.  Hydraulic flows may predominate in these zones. 
- Inorganic salts can precipitate out in high pH zones near the cathode. 
- More saline soils and pore water are generally not good candidates for electrokinetic 
treatment due to the extremely high currents drawn (Athmer and Huntsman, 2003). 
 
Future directions 
Electrokinetics has been proposed for the remediation of heavy metal contaminated soils and 
sediments. There is currently limited detailed information on electrokinetic testing, both in the 
laboratory and field, particularly in relation to arsenic. Reported results are contradictory and 
often do not report important parameters. There is a need for anyone considering this potentially 
cost-effective technique to have an understanding of many complex and interacting parameters to 
achieve successful electro-remediation. These parameters include: 
• Contaminant distribution and chemistry 
• Electrode materials, design and spacing 
• Applied currents and voltages  
• Additives (electrode corrosion products and/or chemical(s) additions) 
• Soil structure, permeability, hydraulic and electrical conductivity and mineralogy 
On-going research and increased field application of the techniques will in the future provide 
the necessary information to fully evaluate this promising technology and the role that it might 
play in arsenic remediation. 
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3. EXPERIMENTAL METHODS 
 
This chapter presents the experimental methodology used in the research. The following 
sections cover the materials used and their collection, the physical and chemical tests conducted 
upon the soils and the electrokinetic test methods. An experimental flow diagram is shown at the 
end of this chapter. 
 
3.1 Materials 
3.1.1 Soils 
Soil used in the preliminary electrokinetic experiment was obtained from a private block of 
land in Ballarat East. The owner of the land became aware that it had elevated levels of arsenic 
when he attempted to subdivide it. Fill material was present and a soil testing program was 
conducted to identify any soil contamination. This revealed arsenic levels of up to 250 ppm. 
Some of the soil from one of the test boreholes was collected with the permission of the owner. 
This was achieved simply by digging up loose soil from the top 60 cm of the borehole with a 
shovel and putting it in a steel rubbish bin for transport back to the laboratory. 
This soil/fill was a mixed material containing brick and tile pieces, cobbles, gravel and finer 
soil fractions. It was saturated when collected, having rained a lot the week before collection, and 
was put straight into a glass tank for electrokinetic testing (see section 3.3). The larger brick and 
tile pieces and rocks were removed when it was placed in the test tank. 
Preliminary sampling of other soils was then conducted to identify soils which could be used 
to conduct further experiments. Soils were sampled from around three old sheep dips and from 
three sites containing mine tailings from historic gold mining activity. Given the history of these 
sites they were likely to be contaminated with arsenic. That is, they would contain arsenic at a 
level above 100 ppm (the health investigation level for soil (N.E.P.C.S.C., 1999)). 
The sheep dipping sites had been used in the past for many decades. These sheep dips were 
no longer in use today due to modern practices for managing pests on sheep which predominantly 
involve the use of spray on or pour on pesticides. A 75mm diameter hand operated soil auger was 
used to take soil samples from beside the sheep dips and from areas where the sheep would have 
stood whilst the dipping solution drained from them. Samples were taken from the “surface” (0 – 
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10 cm depth) and from the subsoil (20 – 30 cm depth). These samples were put into new clean 
plastic bags and taken back to the laboratory for analysis. 
 Tailings from past gold mining activity were obtained from Maldon (from Maldon Gold) 
and from Mt Egerton (from Tech–Sol). These tailings were being reprocessed to extract gold 
using cyanide leaching. As well as these, an area in Ballarat, next to Canadian Creek, Mt Clear, 
where gold bearing ore was processed in the past was sampled (see figure 3.1.1). It was sampled 
with a hand auger in a similar manner to the dip sites. 
All the soil samples tested showed elevated levels of arsenic (above 100 ppm). A dip site 
from Meredith (see figure 3.1.2) and the site in Ballarat were chosen as the sites from which to 
collect soil to conduct the main electrokinetic experiments. These sites were the closest to 
Ballarat. Both soils were formed from sedimentary rocks of Ordovician origin. 
 
 
Figure 3.1.1 – Canadian Creek soil sampling site, Ballarat, Victoria. 
 
Soil from these sites was excavated by hand using a shovel and crow bar. Any grass on the 
surface was first removed and then about 150 kg of soil was excavated from the top 40 cm of the 
soil profile. This was placed in plastic bags and taken back to the laboratory. 
  
51
             
 
 
Figure 3.1.2 – Meredith soil sampling site and old sheep dip, Victoria. 
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In the laboratory, each soil sample was sieved through a 12.7 mm sieve to remove any large 
rocks, sticks, roots and other objects. The soil was then mixed by hand with a shovel to 
homogenise the sample. This soil was then used for the electrokinetic experiments. 
Medium/fine graded sand (0.1 – 0.5 mm) was used in the electrokinetic laboratory 
experiments to fill in the holes where core samples were taken from. This sand was tested for 
arsenic and iron content (following the procedure outlined in section 3.2.5) to make sure it would 
not be a source of contamination and interfere with the experimental results.  
3.1.2 Chemical Reagents and Additives 
Bi-carbonate of soda (NaHCO3), hydrated lime (Ca(OH)2), potassium dihydrogen 
orthophosphate (KH2PO4) and phosphoric acid (H3PO4) were used in some of the electrokinetic 
experiments. The bi-carbonate of soda was food grade and the lime was a general purpose 
building product. These were chosen because they were inexpensive and easy to obtain. They 
were tested for arsenic and iron content to make sure they would not interfere with the analysis 
for these elements. The phosphate compounds were analytical grade chemicals. They were used 
because commonly available phosphate fertilisers often have a low purity and may contain 
arsenic at levels which could have influenced the results.  
All chemical reagents used in the laboratory analysis for elemental content were of analytical 
grade or better. 
 
3.2 Soil Tests 
3.2.1 Physical Tests 
The physical properties of the soils were defined as part of this study. Parameters which 
were measured included the particle size distribution, plastic and liquid limits, linear shrinkage 
and soil particle specific gravity. The specific gravity was used to estimate the porosity and void 
ratios of the soil in the electrokinetic experiments conducted. 
3.2.1.1 Particle Size Analysis 
Particle size analysis was conducted on the soils to determine the particle size distribution. 
The coarse fraction of the soil (>2.36 mm) was analysed by sieving the soils.  12.7 mm, 4.75 mm 
and 2.36 mm sieves were used for this purpose. 
A laser particle size analyser (Malvern Instruments Mastersizer 2000 with a Hydro 2000MU 
sample introduction system) was used to assess the particle size distribution in the fine fraction of 
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the soils (<2.36 mm). Distilled water was used as the carrier fluid and ultrasound was employed 
to disperse the particles during these tests (as suggested in the instrument manual). 
3.2.1.2 Specific Gravity of Soil Particles 
Australian Standard 1289.3.5.1 was followed to determine the specific gravity of soil 
particles (Standards Australia, 1995d). The soils were separated into coarse and fine fractions for 
this analysis. The coarse fraction (gravel) was separated from the fine fraction by sieving. The 
gravel was then washed to remove any fine particles adhering to it. It was then oven dried. 
Volumetric flasks were filled with distilled water to the mark and weighed. Dry gravel was then 
weighed into the volumetric flasks and allowed to soak in distilled water for 24 hours. The water 
level in the flasks was then made up to the mark and the flasks weighed. The specific gravity of 
the gravel was then determined by comparison of the weights of the flasks with and without 
gravel. The temperature of the water was recorded when the flasks were weighed. 
The determination of the specific gravity of the fine soil fraction was determined in the same 
manner as for the gravel. The only difference was that the flasks containing the soil were placed 
into a vacuum chamber prior to weighing. They were placed under vacuum for two periods of 
approximately 15 minutes each. Between applications of the vacuum the contents of the flasks 
were gently agitated by swirling the flasks. This was done to remove any entrapped air from the 
fine soil fraction. 
3.2.1.3 Plastic and Liquid Limits 
These tests were performed on the fraction of soil passing a 425 micron sieve. The liquid 
limit was tested using the four point Casagrande method (Standards Australia, 1995a). A 
Casagrande liquid limit apparatus was used. Four moisture contents for each soil were tested 
which gave results of between 15 and 40 for the number of blows required to close the groove 
made in the soil sample. The moisture content was plotted against the logarithm of the number of 
blows. The moisture content corresponding to 25 blows was taken as the liquid limit. 
The plastic limit was tested by rolling threads of soil down to 3 mm in diameter. When the 
threads just began to crumble when they were 3 mm in diameter the soil was at the plastic limit. 
The moisture content of these threads was then determined (Standards Australia, 1995b). 
The plasticity index of the soil was determined from the difference between the liquid and 
plastic limits from the above tests. 
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3.2.1.4 Linear Shrinkage 
The linear shrinkage of the soils was determined from soil fractions passing a 425 micron 
sieve which were at the liquid limit (Standards Australia, 1995c). These soil samples were placed 
into semi-cylindrical shrinkage moulds of 250 mm in length. The soil in the moulds was allowed 
to dry until shrinkage ceased and the longitudinal shrinkage was recorded.  
3.2.2 Loss on Ignition 
Soil samples were tested for loss on ignition to estimate the amount of organic carbon 
present. Air dry soil was weighed into ceramic crucibles of known weight and dried in a standard 
laboratory oven at 105°C. The oven temperature was then raised to 150°C. Samples were then 
placed into an electric muffle furnace at 550°C for five hours. The furnace temperature was then 
raised to 850°C for half an hour. The weight loss after each drying and ignition stage was 
recorded. 
3.2.3 Leachability Tests 
Leachability experiments were conducted on the two main soils used and on mine tailings 
from Maldon. These experiments were conducted in an attempt to identify potential chemical 
extractants which could be used to mobilize arsenic in the soils. If the arsenic could be mobilized 
then it may be possible to extract it using electrokinetics. A number of chemical extractants were 
trialed on each soil. The USEPA methods 1311 and 1312 (U.S.E.P.A., 1992, 1994) were used 
although the weight of the soil samples was reduced from the recommended 100 grams to 5 
grams. This was done to reduce the size of the vessels required and it allowed more tests with 
more extractants to be conducted than otherwise would have been possible. A ratio of 20 to 1, 
extractant fluid to air dried, sieved (<2.36mm) soil was used for all tests. The tests were 
conducted in clean plastic sample containers which were agitated on an end-over-end shaker for 
18 hours at room temperature. The samples were then allowed to settle for 2-3 hours and were 
filtered before analysis by flame AAS. 
The chemical extractants which were trialled included: 
TCLP #1 (USEPA method 1311#1) – Acetic acid and sodium hydroxide, pH=4.9 
TCLP#2  (USEPA method 1311#2) – Acetic acid, pH=2.83 
SPLP (USEPA method 1312) – 60% sulphuric acid / 40% nitric acid, pH=4.2 
Reagent grade water (Milli-Q) 
0.25M sodium thiosulphate 
0.1M thiourea 
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0.1M phosphate (as potassium dihydrogen orthophosphate / potassium hydrogen 
orthophosphate), pH=6.8 
1.0M phosphate (as potassium dihydrogen orthophosphate / potassium hydrogen 
orthophosphate), pH=6.7 
Sodium hydroxide, pH=11.0 
Hydrochloric acid, pH=1.0 
3.2.4 Electrical Conductivity, pH and Redox Potential of 1:5 Soil:Water Solutions 
The electrical conductivity (EC), pH and redox potential (Eh) of soil samples were measured 
in solution with distilled water. One part of soil with five parts distilled water (by weight) was 
placed into a plastic sample container. This was then put into a mechanical end-over-end shaker 
and rotated for one hour. After shaking the soil solution was allowed to settle for 20 minutes. 
Following settling, the fluid EC and pH were recorded using a HI98130 pH/EC/TDS hand held 
meter. The Eh was recorded using a HI98201 ORP hand held meter. After these readings were 
taken 0.5M calcium chloride was added to the soil solution to give a final calcium chloride 
concentration of 0.01M. This solution was then shaken end-over-end for another 15 minutes. 
After allowing the soil solution to settle for 20 minutes the pH of the resulting solution was 
recorded. 
3.2.5 Soil Digestion and Metal / Metalloid Determination 
Air dried soil passing a 2.36mm sieve was used for soil digestion and subsequent 
metal/metalloid determination. Two to five grams of soil was weighed into a beaker and 15 to 
20mls of aqua regia was added to it. If any frothing occurred one or two drops of n-propanol were 
added to overcome this. The solution was then heated on a hotplate for about two hours until 3 to 
4 mls of solution remained. This was then transferred into a volumetric flask and made to volume 
with reagent water. The solution was then left to settle overnight before filtering through filter 
paper. Elemental concentrations of iron and arsenic were then determined using a flame atomic 
absorption spectrometer (SpectrAA-20). Two blanks and two samples spiked with arsenic 
standard solution were included in each batch of twenty soil samples. 
3.2.6 Cation Exchange Capacity and Exchangeable Cations 
Soil samples were sent to Incitec Pivot Laboratory in Werribee for determination of the 
cation exchange capacity and the exchangeable sodium, potassium, calcium, magnesium and 
aluminium. Exchangeable sodium, potassium, calcium and magnesium were determined using 
  
56
ammonium acetate buffered to pH=7 as the leaching solution. Exchangeable aluminium was 
determined using potassium chloride as the leaching solution. 
3.2.7 Scanning Electron Microscopy 
The two main soils used in the electrokinetic experiments were examined under the scanning 
electron microscope. A small sample of air dried soil, passing a 2.36 mm sieve, was mixed with 
epoxy resin and set in a small cylindrical mould. When hardened the sample was removed and the 
surface to be examined was ground smooth. The surface was then coated with a fine layer of 
carbon to make it conductive and the sample was examined. Individual particles of interest were 
first analysed to determine their major constituents. Then mapping of areas of interest was 
conducted to look for concentrated areas of arsenic or magnesium (the first peak for these two 
elements overlap), silicon, sulphur, iron and arsenic. 
 
3.3 Electrokinetic Experiments 
Electrokinetic laboratory experiments were conducted on three different soils from the 
Ballarat area. One preliminary experiment, using mild steel electrodes, was conducted on the 
mixed fill material from Ballarat East. Following this, two experiments were conducted using 
graphite (carbon) electrodes on the two main soils used in this research. Carbon electrodes are 
more inert than steel electrodes and it was thought that they would have less impact on the soil 
chemistry. The electrokinetic effects could then be studied without the influence of adding iron to 
the system. Then two further experiments were conducted on the two main soils using graphite 
electrodes placed into fluid wells. This was done so additives could be applied to try to mobilise 
the arsenic and/or control the pH. 
3.3.1 Preliminary Electrokinetic Experiment Using Steel Electrodes 
A preliminary electrokinetic experiment was conducted on the mixed fill from Ballarat East. 
This soil was placed directly into the test tank after being excavated and brought back to the 
laboratory. It was compacted by hand to a depth of 11 cm. Two mild steel electrodes were used at 
each end of the tank as anodes and cathodes. These were placed directly into the soil with 70 cm 
between the anodes and cathodes (see figures 3.3.1 and 3.3.2). A DC power supply was 
connected to the electrodes and 35 V was applied across the tank. Voltage and current were 
monitored for the 28 day duration of the experiment. Distilled water was added as the experiment 
progressed to keep the soil moist.  
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Small core samples were taken from the tank as the experiment progressed. Samples were 
taken at days 4 and 12 from distances of 5, 35 and 65 cm from the electrodes. At the end of the 
experiment samples were taken from distances of 5, 20, 35, 50 and 65 cm from the electrodes (see 
figure 3.3.2). The samples were air dried and stored in plastic bags for analysis. 
 
    
Figure 3.3.1 – Schematic of Electrokinetic Experiment – Side View. 
 
   
Figure 3.3.2 – Schematic of Electrokinetic Experiment – Plan View. 
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3.3.2 Plain Electrokinetic Experiments Using Carbon Electrodes 
One plain electrokinetic experiment was conducted on each of the two major soil samples 
(soil from the dip site at Meredith and from the tailings site at Ballarat). These experiments used 
carbon electrodes placed directly into the soil and no chemical agents were added during the 
procedure. They each ran for 56 days. 
A sample of the homogenised soil (passing a 12.7 mm sieve) was placed into a glass tank. 
The tank was 36 cm wide and 92 cm long. Approximately 35 to 40 kg of dry soil was used. It was 
placed into the tanks in two layers, with each layer being compacted by hand. The final soil 
depths in the tanks were 8 cm and 8.5 cm. Distilled water was then progressively added to the 
tanks, over several days, to moisten the soil. Water contents of the soil were initially in the 25% 
to 30% range, by weight.  
Four graphite electrodes were then placed directly into the soil and wired up to a direct 
current (DC) power supply. Two electrodes, 16 cm apart, were wired together and placed at either 
end of the glass tank as anodes and cathodes (see figure 3.3.3). The distance between the anodes 
and cathodes was 70 cm. A regulated power supply was then used to provide a constant voltage 
of 35 V across the 70 cm of soil between the electrodes at each end of the tank. The current was 
monitored as the experiments progressed. 
Distilled water was added on most days while the experiments were running. The aim of this 
was to keep the moisture content relatively stable. The amount of water added was estimated 
from past experience and from ongoing moisture tests of the soil in the tank.  
Sampling of the soil in the tank for further testing occurred on days 2, 6, 14, 28 and 56. 
Small core samples of 10-20g were taken at distances of 5, 20, 35, 50 and 65 cm from the 
electrodes. A piece of 16mm OD copper tube was used to do this. These were taken on days 2, 6, 
14 and 28. Larger samples of 100-160g were taken after 56 days, at the end of the experiment, 
from next to the electrodes and at distances of 5, 12.5, 20, 27.5, 35, 42.5, 50, 57.5 and 65 cm from 
the electrodes.  
Voltage gradients across the tanks were monitored at days 0, 2, 6, 14, 21, 28, 35, 42, 49 and 
56. A metal wire was inserted into the soil at distances of 5, 20, 35, 50 and 65 cm from the 
electrodes. The voltage between the wire and the anodes was recorded. Initially, an aluminium 
wire was used to perform this task until it was realised that it was quite reactive and that it gave a 
higher voltage reading (up to +1.7 V) than a piece of graphite in the same position. Graphite was 
the most inert material which could be found to compare it with. Having realised that this 
electrochemical phenomenon was having a significant effect, other metals were tested and it was 
found that copper wire was the most appropriate to use. It consistently gave a voltage reading of 
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approximately 0.3 V higher than the graphite. Graphite rod was not used for this purpose because 
it was not strong enough. 
 
     
Figure 3.3.3 – Top View of Plain Electrokinetic Experiment with Graphite Electrodes. 
 
3.3.3 Electrokinetic Experiments using Graphite Electrodes in Fluid Wells 
One electrokinetic experiment using fluid wells was conducted on each of the two major soil 
samples (soil from the dip site at Meredith and from the tailings site at Ballarat). These 
experiments used carbon electrodes placed into the centre of UPVC pipes which were placed into 
the soil. The pipes had holes drilled into them and were then wrapped in fibreglass fabric to allow 
liquid to flow in and out from the well to the soil and vice versa, without allowing too much of 
the fine clay fraction of the soil to enter the wells. Chemical agents were added to the fluid wells 
during the procedure to buffer the pH to about 7 and to attempt to mobilize the arsenic from the 
soil. Each experiment ran for 42 days. 
A sample of the homogenised soil (passing a 12.7 mm sieve) was placed into a glass tank. 
The tank was 36 cm wide and 92 cm long. Approximately 35 to 40 kg of dry soil was used. It was 
placed into the tanks in two layers, with each layer being compacted by hand. The final soil depth 
in the tank was 8.5 cm. Four pieces of 75 mm UPVC pipe were placed vertically into the soil in 
the tank (two at each end of the tank where the electrodes were placed). Three pieces of 50 mm 
UPVC pipe were also placed into the tank (see figure 3.3.4). These were placed along the 
longitudinal centre line of the tank at distances of 12.5, 35 and 57.5 cm from the electrodes. 
  
60
These were put in place to monitor the soil water level across the tank as the experiment 
progressed. The soil was removed from the inside of the pipes. The pipes had holes drilled in 
them and were wrapped in fibreglass fabric before being finally installed in the tank. Distilled 
water was then progressively added to the tanks, over a couple of days, to saturate the soil. Water 
contents of the soil were initially in the 30% to 40% range, by weight. 
Four graphite electrodes were then placed directly into the centre of the pipes which made up 
the fluid wells. The two electrodes at each end, 18 cm apart, were wired together. The distance 
between the anodes and cathodes was 70 cm. A regulated power supply was then used to provide 
a constant voltage of 35 V across the 70 cm between the electrodes at each end of the tank. The 
current was monitored as the experiments progressed.  
Water was added to the experiment via header bottles with 10 mm PVC tubes leading to the 
anode wells. When the fluid level in the anode wells dropped below the end of the tube, fluid 
from the bottles would flow into the wells until the end of the tube was again submerged. 
Water was removed from the experiment by a siphon system from the cathode wells. It 
consisted of 5 mm PVC tubes from the wells leading to a small fluid reservoir with an overflow at 
a predetermined height (see figure 3.3.5). When the fluid in the wells rose above the level of the 
reservoir overflow the fluid level was automatically reduced. 
 
     
Figure 3.3.4 – Top View of Electrokinetic Experimental Setup with Fluid Wells. 
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Figure 3.3.5 – Electrokinetic Experiment with Graphite Electrodes in Fluid Wells. 
 
In an attempt to keep the pH around neutral, the wells were buffered with bicarbonate 
(pK1=6.35) and orthophosphate (pK2=7.20). The anode wells in the first experiment of this type, 
with soil from the Canadian Creek site, were initially filled with 0.1M sodium bicarbonate 
(NaHCO3) and 0.03M potassium dihydrogen orthophosphate (KH2PO4) with a pH of 7.7. This 
was done at the start of the experiment and when the anode wells were refilled during the 
experiment after being emptied so the fluid there could be analysed. Influent fluid to the anode 
wells from the header bottles was initially the same solution. After two days this solution was 
changed to 0.2M sodium bicarbonate and 0.03M potassium dihydrogen orthophosphate with a pH 
of 8.1. This was done in an attempt to increase the buffering capacity of the fluid so that the 
anodes wells would not end up so acidic. Over the first two days the pH was measured between 
7.6 and 2.5. After five days it was decided to just use distilled water in the header bottles and to 
adjust the pH back to neutral each day with the addition of alkali directly to the anode wells. 
Initially the pH was adjusted using 1.0M sodium bicarbonate. This was changed to hydrated lime 
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after 18 days. It was thought that the amount of salt added, especially sodium, using sodium 
bicarbonate was not good for the soil and could readily make it sodic or saline. 74.1 grams per 
litre of Melcann hydrated lime (mainly Ca(OH)2) was used in this solution. 7.41grams per litre 
was tried for seven days but the volumes of fluid required to adjust the pH back to neutral was 
considered excessive. The wells would overflow with the volume of fluid required at this low 
concentration of lime. 
The cathode wells of the Canadian Creek soil experiment were initially filled with 0.03M 
sodium bicarbonate and 0.1M potassium dihydrogen orthophosphate with a pH of 6.3. Later, 
distilled water was used to refill the wells after they were emptied for analysis of the well fluid on 
days 14, 21, 28 and 35. This was done because the electroosmotic flow to the cathodes ceased 
during this experiment and overflow fluid from the cathode wells was not available for analysis. 
Adjustment of the pH was initially done with 1.0M potassium dihydrogen orthophosphate 
(KH2PO4). After 14 days the pH adjustment was made using 1.0M orthophosphoric acid (H3PO4) 
each day. Using orthophosphoric acid required less fluid to be added to the cathode wells each 
day to achieve the same pH adjustment. 
The second experiment with the soil from the Meredith dip site used distilled water in the 
header bottles. The anode wells were filled with 0.2M sodium bicarbonate and 0.03M potassium 
dihydrogen orthophosphate. Anode pH adjustment was performed each day with 74.1 grams per 
litre lime. Cathode wells were initially filled with distilled water and pH adjustment was done 
with 1.0M orthophosphoric acid each day.  
Sampling of the soils in the tanks for further testing occurred on days 2, 6, 14, 28 and 42. 
Small core samples of 10 to 20 g were taken at distances of 5, 20, 35, 50 and 65 cm from the 
electrodes. A piece of 16mm OD copper tube was used to do this. These were taken on days 2, 6, 
14 and 28. Larger samples of 75-175g were taken at the end of the experiments (on day 42) at 
distances of 5, 12.5, 20, 27.5, 35, 42.5, 50, 57.5 and 65 cm from the electrodes.  
Voltage gradients across the tank were monitored at days 0, 2, 6, 14, 21, 28, 35 and 42. A 
copper wire was inserted into the soil at distances of 5, 20, 35, 50 and 65 cm from the electrodes. 
The voltage between the wire and the anodes was recorded. These voltages were adjusted as 
before to compensate for the redox potential developed at the surface of the copper. 
Fluid samples from the anode wells were taken at days 2, 6, 14, 21, 28, 35 and 42. To do this 
the anode wells were emptied and the fluid in them replaced. Fluid samples from the cathode 
wells were taken every day when there was some overflow from the cathode wells. There was no 
overflow from the cathode wells from day 14 to day 30 during the experiment on the Canadian 
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Creek soil. At days 14, 21, 28 and 35 the cathode wells in this experiment were emptied to obtain 
fluid samples and they were then refilled with distilled water. 
3.3.4 Water Extracts from Electrokinetic Treated Soils 
Soil samples taken at day 56 from the plain electrokinetic experiments and samples from day 
42 from the electrokinetic experiments using fluid wells were tested for water extractable 
constituents. Five grams of soil was mixed with 100 mls of reagent water and shaken overnight 
for approximately 18 hours on an end over end shaker (as for the leachability experiments). The 
resulting solution was left to settle overnight and then filtered through 0.45 micron syringe filters. 
Major cations (sodium, potassium, calcium and magnesium) as well as aluminium, iron and 
manganese were analysed using the flame AAS.  
The arsenic content of these solutions was below detection limits for flame AAS 
(approximately 2 ppm) so a graphite furnace was used (SpectrAA-400 Zeeman with a GTA-96). 
A nickel nitrate matrix modifier was used and the auto-sampler was employed to mix this with 
the samples and standards. Inconsistent results were obtained from duplicate and spiked samples. 
The problem appeared to be inconsistent droplet placement into the graphite tube. This problem 
could not be rectified. Due to this it was decided to outsource this arsenic analysis to Aminya 
reference laboratories in Wendouree. They determined the arsenic levels using a hydride 
generation technique and AAS. A number of quality control samples were sent along with the test 
samples and the results from these showed that this technique also gave very poor analytical 
precision. Due to these difficulties, the arsenic levels in the water extracts could not be 
determined with an acceptable level of confidence. However some useful data did result as an 
order of magnitude difference in arsenic content was considered to be significant enough to report 
(see section 4.9). 
Major anion analysis of the water extracts was also attempted (for chloride, nitrate, sulphate, 
phosphate and bicarbonate). To do this an anion exchange column (Hamilton PRP-X110) was 
employed with high performance liquid chromatography (HPLC). At first an existing column was 
trialled. It was decided after many trials and column regeneration that this column was not 
working properly, so a new column was purchased. The new column arrived and when connected 
it was found to have dried out in storage and was also not working properly. This column was 
regenerated but did not improve much so a replacement was ordered. When the replacement 
column was trialled it did work much better than the previous two but it still did not give the 
sensitivity nor repeatability of results which would be required to obtain reasonable quantitative 
analytical data. The problem with repeatability (or analytical precision) was thought to be in the 
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auto-sampler sample injection system. The problem with the sensitivity (being about 50 – 100 
times less than the manufacturer claimed) was possibly in the conductivity detector. This could 
not be readily determined so analysis was stopped after one largely unsuccessful run of the 
samples.   
   
3.4 Experimental Flow Diagram 
 
Ballarat East Soil; 
 
 → General soil characterisation; 
  - Particle size distribution 
  - Aqua regia extractable As & Fe 
  - pH, pH(CaCl2), EC & Eh (from 1:5 soil:water extract) 
 
 → Electrokinetic experiment for 28 days using mild steel electrodes; 
  →Day 4 & 12, soil samples from 3 positions across test tank; 
   - pH, pH(CaCl2), EC & Eh (from 1:5 soil:water extract) 
   - Aqua regia extractable As & Fe 
  →Day 28 soil samples from 5 positions across test tank; 
   - pH, pH(CaCl2), EC & Eh (from 1:5 soil:water extract) 
   - Aqua regia extractable As & Fe 
  - Current monitored most days 
  - Electrical gradient at days 4, 12 & 28 
  - Water used 
 
Canadian Creek Soil & Meredith Dip Site Soil; 
 
 → General soil characterisation; 
  - Particle size distribution 
  - Specific gravity 
  - Insitu density 
  - Consistency limits  
  - Linear shrinkage 
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  - Loss on ignition 
  - Aqua regia extractable As & Fe 
  - pH, pH(CaCl2), EC & Eh (from 1:5 soil:water extract) 
  - Scanning electron microscopy 
 
 → Electrokinetic experiment for 56 days using graphite electrodes; 
  →Day 2, 6, 14 & 28 soil samples from 5 positions across test tank; 
   - pH, pH(CaCl2), EC & Eh (from 1:5 soil:water extract) 
   - Aqua regia extractable As & Fe 
   - Water content 
  →Day 56 soil samples from 11 positions across test tank; 
   - pH, pH(CaCl2), EC & Eh (from 1:5 soil:water extract) 
   - Aqua regia extractable As & Fe 
   - Water content 
   - 1:20 soil:water extractable Na, K, Ca, Mg, Fe, Al & Mn  
  - Current monitored daily 
  - Electrical gradient at days 2, 6, 14, 21, 28, 35, 42, 49 & 56 
  - Water used 
  - Density 
  - Porosity 
 
 → Electrokinetic experiment for 42 days with graphite electrodes in fluid wells; 
  →Day 2, 6, 14 & 28 soil samples from 5 positions across test tank; 
   - pH, pH(CaCl2), EC & Eh (from 1:5 soil:water extract) 
   - Aqua regia extractable As & Fe 
   - Water content 
  →Day 42 soil samples from 9 positions across test tank; 
   - pH, pH(CaCl2), EC & Eh (from 1:5 soil:water extract) 
   - Aqua regia extractable As & Fe 
   - Water content 
   - 1:20 soil:water extractable Na, K, Ca, Mg, Fe, Al & Mn 
  → Day 0, 2, 6, 10, 14, 21, 28, 35 & 42 well fluid samples; 
   - pH, EC & Eh 
   - Fe & As content 
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  - Current monitored daily 
  - Well fluid pH & EC monitored daily 
  - Electrical gradient at days 0, 2, 6,10, 14, 21, 28, 35 & 42 
  - Water used 
  - Density 
  - Porosity 
 
Canadian Creek Soil, Meredith Dip Site Soil & Maldon Gold Tailings; 
 
 → 1:20 soil:fluid extractant leachability experiments (10 extractants tested); 
  - Initial and final pH 
  - Initial Eh (final Eh for Canadian Creek soil tests only) 
  - Fe & As content 
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4. RESULTS 
 
4.1 Physical Soil Tests 
4.1.1 Density 
The bulk density and the specific gravity of the soils studied were determined to help 
characterise the soils and determine the void ratios, both in-situ and in the experimental tanks. For 
the Canadian Creek soil the average specific gravity was 2.67 and the in-situ dry density was 
1600 kg/m3 with a porosity of 40%. The densities used in the experimental tanks were a little less 
being 1360 kg/m3 and 1290 kg/m3 with porosities of 49% and 52%.  
For the Meredith dip site soil the average specific gravity was 2.69 and the average in-situ 
dry density was 1420 kg/m3 with a porosity of 47%. The densities in the experimental tanks were 
again lower at 1390 kg/m3 and 1260 kg/m3 with porosities of 48% and 53%.  
4.1.2 Particle Size Distribution 
The particle size distribution of all the soils used showed they were predominantly composed 
of silt sized (2–6 microns) fractions (see A1 for graphs of particle size distribution). The fine 
fraction (< 2.36mm) of the Ballarat East fill material was composed of approximately 82% silt. 
The Canadian Creek soil was classified as a low plasticity silty clay (CL) under the unified soil 
classification system. The agricultural textural classification was silt (having 85% silt fraction). 
The Meredith dip site soil was classified as a low plasticity silt (ML) under the unified soil 
classification system. The agricultural textural classification was silty loam (having 65% silt 
fraction). 
4.1.3 Plastic and Liquid Limits 
The Canadian Creek soil had a liquid limit of 32%, a plastic limit of 22% and a plasticity 
index of 10%. The Meredith soil had a liquid limit of 34%, a plastic limit of 26% and a plasticity 
index of 8%. The plastic and liquid limits were relatively low for both main soils given that they 
looked quite clayey upon visual inspection. The particle size analysis showed they were 
predominantly silt and these results are consistent with those soil types.  
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4.1.4 Linear Shrinkage 
The Canadian Creek soil had a linear shrinkage of 4.4% and the Meredith soil 5.2%. Linear 
shrinkage was relatively low as would be expected from the particle size distributions and from 
the consistency limits tests.  
4.1.5 Loss on Ignition 
Loss on ignition (LOI) gave an indication of the amount of organic matter present in the two 
main soils studied. From the loss on ignition between 150˚C and 550˚C the amount of organic 
carbon was estimated to be 4.0% from the Canadian Creek soil and 5.4% from the Meredith soil. 
The Canadian Creek soil lost a further 1.1% of its original air dried weight from 550˚C to 850˚C. 
This could be attributed to the presence of carbonates which are lost in this temperature range. 
This would be consistent with the pH of the soil which was about 8. The Meredith soil on the 
other hand lost only a further 0.5% weight in this temperature range (see A3 for complete results 
of LOI). It was an acid soil with a pH of approximately 6. 
 
4.2 Leachability Tests 
The leachability tests were conducted to determine if a suitable chemical extractant could be 
found for arsenic. The most significant results were obtained with the phosphate solutions used. 
These extracted the most arsenic from the two main test soils used in the electrokinetic 
experiments (see table 4.2.1 or A2 for complete data set). The hydrochloric acid solution was 
effective at extracting arsenic from two of the soils and iron from all of the soils. 
Total iron and arsenic levels in the three soils used were determined from aqua regia digests 
(as per section 3.2.5). The Canadian Creek soil was estimated to contain 480 ppm arsenic and 2% 
iron. The Meredith dip site soil was estimated to contain 260 ppm arsenic and 2.9% iron and the 
Maldon Gold tailings were estimated to contain 1400 ppm arsenic and 2.4% iron. From these 
values estimates of the percentages of arsenic and iron extracted could be calculated. Then using 
the in-situ densities measured for the Canadian Creek and Meredith dip site soils, the elutriable 
arsenic in grams per cubic metre could be calculated. A value of 1500 kg/m3 was used as an 
approximate value for the density of the Maldon Gold tailings so the amount of eltriable arsenic 
could be calculated.  
Of all the solutions tested, 1M phosphate extracted the greatest amount of arsenic from the 
Canadian Creek soil (37.5%) and the Meredith dip site soil (23.1%). High levels of arsenic were 
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also extracted from the Maldon Gold tailings (14%). One molar phosphate solutions extracted 
considerably more arsenic than the 0.1 molar solutions.  
The dilute hydrochloric acid solution was also effective at mobilizing some of the arsenic 
from the soil. It did not leach enough arsenic from the Canadian Creek soil to be detected on the 
flame AAS but it did with the other two soils tested. It leached 35.3% of the arsenic from the 
Maldon Gold tailings (more than phosphate did) and 15.4% of the arsenic from the Meredith dip 
site soil. The hydrochloric acid mobilized far more iron than did the other test solutions. It 
extracted 9.5% of the iron from the Maldon Gold tailings. The dilute sodium hydroxide leaching 
solution did not elute significant amounts of arsenic compared to the phosphate and hydrochloric 
acid solutions.  
The final pH values for the water, SPLP, and 0.1M thiourea solutions all ended at a similar 
pH to the natural pH of the soil. The pH of the SPLP test solution changed the most. The final pH 
values being very close to the natural soil pH values. The final pH values for the TCLP#1, 0.1M 
phosphate, 1.0M phosphate and hydrochloric acid solutions changed the least from their initial 
values. 
The Eh / pH relationship of the test solutions showed a trend which was interesting to note 
with respect to the Eh / pH boundary between arsenic species. Initially the test solutions plotted 
on an Eh / pH diagram showed a linear trend (see figure 4.2.1) but the correlation was poor 
(R2=0.61). After mixing with the soil, the solutions plotted on an Eh / pH diagram showed a 
strong linear relationship (R2=0.87) with all the points plotting on or above the boundary between 
arsenic(III) and arsenic(V) (see figure 4.2.2). This indicates that the arsenic species present are 
likely to be arsenic(V) species irrespective of the pH. Lowering the pH led to an associated 
increase in the Eh and an increase in pH led to a decrease in the Eh. The soils, therefore, have a 
potential not only to buffer against changes in the pH but also to resist changes in redox status. 
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Initial pH vs Eh
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Figure 4.2.1 – Leachability Tests, Initial pH vs Eh. 
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Figure 4.2.2 – Leachability Tests, Final pH vs Eh. 
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Sample Extractant Extracted As % Elutriable As g/m3 Extracted Fe % 
Canadian Creek 0.1M phosphate 15.4 118 0.1 
Canadian Creek 1.0M phosphate 37.5 288 0.2 
Canadian Creek HCl pH=1.0 * * 7.4 
Meredith Dip Site 0.1M phosphate 11.5 43 0.0 
Meredith Dip Site 1.0M phosphate 23.1 85 0.1 
Meredith Dip Site HCl pH=1.0 15.4 57 2.7 
Maldon Gold 0.1M phosphate 10.4 219 0.1 
Maldon Gold 1.0M phosphate 14.0 294 0.1 
Maldon Gold HCl pH=1.0 35.3 741 9.5 
* = below detection limit of 1.5 ppm for arsenic. 
Table 4.2.1 – Leachability Tests, Extracted Arsenic and Iron. 
 
4.3 Scanning Electron Microscopy 
One sample of the Canadian Creek soil and one sample of the Meredith soil were analysed 
using the scanning electron microscope to determine if the arsenic was occurring in discrete 
phases, or if it was dispersed throughout the soil matrix. Analysis of both samples produced 
similar results. No discrete phases of arsenic were found in either sample. This was expected with 
the Meredith soil as it had been contaminated with relatively soluble arsenic dipping compounds. 
It was thought that the Canadian Creek soil, which was contaminated from past gold mining 
activity, may have contained discrete arsenopyrite particles. No arsenopyrite was found, however, 
in the sample which was examined. The detection limit is around 0.5% (5000 ppm) in discrete 
particles for the technique used. 
A typical “map” obtained from the Meredith soil is shown in figure 4.3.1 below. It shows the 
background scattered electron image (BSE) and the distribution of discrete phases of arsenic or 
magnesium (AsLa1), silicon (SiKa, with orange = quartz and blue = clay rich particles), sulphur 
(SKa), iron (FeKa) and arsenic (AsKa2). No arsenic is detectable and very little sulphur is 
detectable either. There was no correlation found between the occurrence of iron and sulphur. The 
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small amount of sulphur detected was thought to be occurring as sulphate. The maps and other 
results from the Canadian Creek soil were similar. 
 
 
Figure 4.3.1 – Typical SEM mapping images. 
 
4.4 Preliminary Electrokinetic Experiment 
A preliminary electrokinetic test was conducted on the fill material from Ballarat East. This 
test used plain steel electrodes and was conducted to determine if the arsenic in this material 
could be readily moved and whether it would move towards the positive or negative electrodes. 
Results showed that very little if any of the arsenic was moved through this material. This led to 
more extensive electrokinetic tests being conducted in an attempt to determine what factors might 
influence the electrokinetic movement of arsenic in soils and if certain enhancements to the 
process could assist in moving the arsenic. 
The test was run for 28 days and there were only minor changes in the pH and Eh of the soil 
across the tank after electrokinetic treatment. The soil pH data from this experiment are shown in 
figure 4.4.1. Initially, the pH was approximately 7.5. After electrokinetic treatment the pH fell to 
5.9 at the 5 cm position (5 cm from the anodes) and it rose to 8.3 at the 65 cm position (5 cm 
from the cathodes). Eh values changed little. Initially, the Eh was approximately 185 mV. After 
treatment the values ranged from 155 mV to 201 mV. 
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Preliminary Experiment - pH in water (1:5)
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Figure 4.4.1 – Preliminary Electrokinetic Experiment, pH1:5(H2O). 
 
The electrical conductivity (EC) across the tank varied considerably. Initial EC values 
averaged 0.22 mS/cm. After electrokinetic treatment the values declined across the tank except at 
the 65 cm position near the cathode. The increase in EC near the cathode is particularly 
noticeable after 28 days (see figure 4.4.2). At the cathode the EC increases due to the 
accumulation of mobile cations and an increase in pH with the associated increase in hydroxide 
ion concentration. 
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Figure 4.4.2 – Preliminary Electrokinetic Experiment, Electrical Conductivity. 
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The current used in this electrokinetic experiment is plotted in figure 4.4.3. It shows a 
decline in current flow as time progresses. There is a noticeable increase in the current each day 
after watering the tank. Adding water increases the conductivity if the soil is not already 
saturated. The tank dried out considerably during electrokinetic testing despite adding water. 
Initially the soil was saturated, although the moisture content was not that high, being around 
30%. During testing, water was moved to the cathode end of the tank. In the beginning there was 
some free water on the surface of the soil around the cathodes. The soil in the tank was 
progressively consolidated and cracks developed through it. At the end of the experiment the soil 
at the anode end was so hard and compact that it took a great deal of effort to push a small 
diameter metal sampling tube into it by hand.  
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Figure 4.4.3 – Preliminary Experiment, Current vs Time. 
 
Initially, the arsenic content of the soil was approximately 125 ppm. After electrokinetic 
treatment the arsenic values ranged from 100 to 159 ppm (see figure 4.4.4). However, due to the 
variability of the soil in the test tank nothing conclusive could be drawn from these results. The 
iron content of the soil was initially measured at an average of 2.8%. After treatment the iron 
content measured ranged from 1.6% to 2.8%. Again, due to the variability of the soil in the test 
tank, nothing conclusive could be drawn from these results.  
From this experiment it could be concluded that most of the arsenic in this soil was not able 
to be moved and concentrated around a particular electrode within 28 days. Therefore, 
electrokinetic treatment of arsenic contaminated soil may not be effective at moving arsenic 
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through soil. Having completed this experiment and not gained any results which could be used to 
determine the extent and direction of any movement of arsenic and iron through the soil, a 
different approach was needed for the next set of electrokinetic experiments. One important factor 
to deal with was the variability of test results caused by the natural variability of soil and the 
restricted sample sizes which could be taken from the tanks for testing. With the next experiments 
it was decided to make the soil samples which were tested as homogenous as possible. It was also 
decided to use only graphite electrodes, as these would have less impact on the system compared 
to metal electrodes in terms of adding new chemicals or elements to the soil. 
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Figure 4.4.4 – Arsenic content, Preliminary Experiment. 
 
4.5 Electrokinetic Experiment #1  
This electrokinetic test was conducted on the Canadian Creek soil for 42 days using graphite 
electrodes. The test was conducted to see what changes would occur due to the application of a 
direct current. No additives, except distilled water, were used. Water was added to maintain the 
soil moisture content in order to maintain electrical conductivity through the soil profile. 
A constant voltage of 35 volts was used. This gave an average electrical voltage gradient of 
0.5 volts per centimetre (V/cm) between anodes and cathodes. The current through the soil in the 
tank began at approximately 80 mA, reaching a maximum, at day seven, of just over 80 mA 
(estimated to be 86.8mA, because the maximum current flows were not always recorded), then 
falling steadily until the end, when it was only 27 mA. Figure 4.5.1 shows average current flows 
versus time. Average values are given because the current fluctuates all the time. Minimum 
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values for current flow were usually found to occur prior to adding water to the tank. At the end 
of this experiment the voltage between the anodes and cathodes was 2.9 volts.  
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Figure 4.5.1 – Current versus Time, Experiment 1. 
 
The voltage gradients were monitored during the experiment. These were initially measured 
with an aluminium wire, as the test electrode, which was inserted into the soil in the tank (see 
figure 4.5.2). It was not realised until this experiment was well under way that this metal would 
change the voltage readings so significantly. It gave readings which were 0.9 to 1.7 volts above 
the readings given from a graphite electrode. The 1.7 volt increase was from the cathode region of 
the tank where redox potentials were low and pH high. Despite this, the trends in the voltage 
gradient are quite clear. Initially, there were large gradients around the electrodes with lower 
gradients across the middle of the tank. This may have been due to the smaller cross sectional 
area of soil the current can pass through near the electrodes compared to the centre of the tank. A 
smaller area of soil would have a larger resistance and there would be a larger voltage gradient 
there. As time progressed, the voltage gradients drop around the electrodes. Around the cathodes 
the voltage gradient was very low at the end of the experiment. It dropped to 0.02 volts per 
centimetre. The conductivity of the soil pore water increased significantly around the electrodes 
due to the acid and alkali zones formed there. In the centre of the tank the voltage gradients did 
not change much with the exception of the area 5–20 cm from the anodes. Here the voltage 
gradient increased to 1.21 V/cm. The EC and pH values here were quite low. The final EC1:5 
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value (day 56), 12.5 cm from the anodes was only 0.06 mS/cm. The pH shift here was also 
significant with the pH1:5 in water falling from approximately 8 to 4 by day 56 at the 12.5 cm 
position.  
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Figure 4.5.2 – Voltage Gradient, Experiment 1 
 
An attempt was made to maintain the water content of the soil at 25%. During the 
experiment the average water content varied from 23 to 28.7%. Water was added on most days by 
watering the whole surface of the soil in the tank. The amount of water added was calculated 
from the water content of the small core samples which were taken for analysis. A large amount 
of water was added on 3 days (days 2, 18 and 28) to increase the water content to 25% again. In 
general, there was a trend of decreasing use of water by the experiment (see figure 4.5.3). This 
was partly caused by the cooler weather experienced during the latter half of the experiment 
which reduced evaporation. From the graph showing water contents of the soil profile across the 
tank (see figure 4.5.4) it can be seen that the highest moisture content of the soil was at the end of 
the experiment, despite the reduced amount of water added then. The other noticeable trend from 
the graph is the lower moisture contents at the anode end of the tank compared to the cathode end 
of the tank. This was expected as the electroosmosis of water usually proceeds from the anode to 
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the cathode. The soil stayed moist enough for a green tinge (probably algae) to grow around the 
cathodes by the end of the experiment. 
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Figure 4.5.3 – Water Added, Experiment 1. 
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Figure 4.5.4 - Water Content, Experiment 1. 
 
The pH, EC and Eh data were recorded from 1:5, soil:water solutions. The pH was also 
determined from 1:5, soil:2M calcium chloride solutions. The results for pH in water are shown 
below in figure 4.5.5. The pH values at the anode end decreased at positions 0 to 12.5 cm. The pH 
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decreased to approximately 2 at the anode. The pH values increased at the cathode end at 
positions 65 to 70 cm. The pH rose to approximately 12 at the cathode. This was expected due to 
the electrolysis of water at the electrodes and the transport of the hydrogen and hydroxyl ions 
across the soil in the tank. It appears that this soil has significant buffering capacity to resist 
changes in pH as the majority of the soil in the tank from position 20 to 57.5 cm was still at the 
same pH as it started.  
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Figure 4.5.5 – pH in water, Experiment 1. 
 
The results for pH measured in calcium chloride were lower than those measured in distilled 
water. The excess calcium ions displace hydrogen ions from the surface of the soil particles into 
solution where they affect the pH measured. The interesting point to note from these data is the 
change in pH difference as the pH changes (see figure 4.5.6). Around pH values of 2.4, 7 and 12 
the pH differences are minimal (below 0.05).  
The electrical conductivity data from this experiment (see figure 4.5.7) show the distribution 
of conductivity across the tank with time. The conductivities near the electrodes are significantly 
higher than initial values. Conductivity values reached 3.2 mS/cm at the anode and 4.13 mS/cm at 
the cathode. The high conductivity values relate to the extreme pH values found at positions 0, 5 
and 70 cm. During the experiment the conductivities declined over the rest of the soil in the tank 
from positions 12.5 to 65 cm. The value at the 12.5 cm position was very low being 0.06 mS/cm. 
The values through the rest of the tank were 0.14 to 0.18 mS/cm. 
The Eh data from this experiment show the trend which develops as the electrokinetic 
processes proceed (see figure 4.5.8). A high Eh potential develops around the anodes and moves 
into the tank from there. The opposite happens at the cathode where a low Eh potential develops. 
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Figure 4.5.6 – pH difference between water and CaCl2, Experiment 1. 
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Figure 4.5.7 – Electrical Conductivity, Experiment 1. 
 
Combining the Eh and pH data (see figure 4.5.9) gives an insight into the type of species 
which could be expected to be present. The interesting point to note from these data is that the Eh 
versus pH points plot about a line with a similar slope to that of the arsenic(III) to arsenic(V) 
boundary, and also to the water stability boundary. The trend line is a little flatter than the 
arsenic(III) to arsenic(V) boundary line, meaning that it approaches this boundary when the pH is 
low (around 2) and the Eh is high. The really significant result from this plot, with respect to 
arsenic, is that all the points plotted from this experiment are above the theoretical arsenic(III) to 
arsenic(V) boundary. This means that the arsenic is most likely to be occurring as arsenic(V) 
species. 
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 Figure 4.5.8 – Redox Potential, Experiment 1. 
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Figure 4.5.9 – Redox Potential versus pH, Experiment 1. 
 
Results from the analysis of arsenic and iron showed little movement of either element 
within the tank after electrokinetic treatment. One of the problems with the analysis was the 
variability of results. The standard deviation of 15 Canadian Creek soil samples (from the same 
batch of soil used in the electrokinetic experiments) tested for arsenic was 64 ppm or 10.6%. This 
means that small variations in the measured arsenic content across the tank are not meaningful as 
the differences could be due to random variation. The standard deviation of 14 Canadian Creek 
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soil samples tested for iron was 1000 ppm or 5.4%. This was only half the variation obtained 
from the arsenic analysis, but still means that small variations in results are not meaningful. 
Results for arsenic (see figure 4.5.10) showed that there was some movement within the test 
tank. Interesting results were obtained at days 2, 28 and 56. The samples tested from day 2 and 
day 28 showed some movement of arsenic towards the anode. At a position 5 cm from the anode 
samples from these two days contained over 600 ppm arsenic. This was a significant enough 
difference to say that levels there were higher than in the rest of the tank. After 56 days the level 
of arsenic at the 5 cm position was recorded as 563 ppm. This is lower than the 650 ppm recorded 
here at day 28 but still above the average across the tank. The most significant result from the day 
56 tests was that the arsenic level had fallen to 350 ppm immediately around the anode.   
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Figure 4.5.10 – Arsenic content, Experiment 1. 
 
Results for iron (see figure 4.5.11) showed that it was a significant constituent of the soil. An 
average value of 1.95% iron was obtained for the Canadian Creek soil. In this experiment there 
was no significant movement of iron detectable across most of the soil profile, however some of 
the iron was definitely moved away from the anode towards the cathode. The iron content at day 
56, immediately around the anode, fell to 1.47% and it rose to 2.17% at a position 20 cm from the 
anode. This behaviour is consistent with iron occurring as a positively charged cation (Fe2+ or 
Fe3+) which is attracted to the negative cathode. The movement of iron away from the anode took 
some time to occur. It was not noticeable until the day 56 samples were tested.  
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Arsenic was not able to be moved significantly in this experiment. There may have been a 
small amount of movement of arsenic and iron but not enough to say that this remediation 
technique could be useful in the field. The experiment did, however, provide some useful results 
in relation to general electrokinetic phenomena including; pH changes, Eh changes, EC and 
moisture content variations and the voltage gradients developed.  
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Figure 4.5.11 – Iron content, Experiment 1. 
 
4.6 Electrokinetic Experiment #2 
The second electrokinetic experiment was performed on soil from the Meredith dip site. As 
with the first electrokinetic experiment, this experiment used graphite electrodes placed directly 
into the soil and it ran for eight weeks. Only distilled water was added to maintain the moisture 
content of the soil. This experiment was performed with the aim of determining what changes 
would occur within the soil when an electric potential was applied to it whilst keeping other 
factors as constant as possible. Determining any variations in concentration of arsenic and iron 
across the experimental tank was again the main focus. 
The electrical potential applied was 35 volts over 70 cm between electrodes of opposite 
potential. The initial current flow was 31.9 mA. The current then declined for the next week and a 
half, after which only relatively minor fluctuations were recorded (see figure 4.6.1). The current 
was at a minimum of 12.2 mA on day 46. At the end of this experiment a potential difference had 
developed between the anodes and cathodes. Upon turning the power supply off, the voltage was 
3.3 V, which gradually fell to 1.7 V over two hours. 
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Figure 4.6.1 – Current vs Time, Experiment 2. 
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Figure 4.6.2 – Voltage Gradients, Experiment 2. 
 
The voltage gradient was monitored during this experiment and it showed great variability 
(see figure 4.6.2). The variability was caused by changing water contents and by changing 
  
85
concentrations of conductive ions through the experimental tank. Several trends are discernable 
from these data. The voltage gradients are initially large around the electrodes. After some time 
these voltage gradients are reduced as the conductivity is increased in these areas due to the 
production of acid and alkali at the electrodes. Through the rest of the tank the voltage gradients 
rose for the first six days. Then the gradients declined with the exception of the 5 to 20 cm 
position. This part of the tank recorded the largest voltage gradient for the whole experiment at 
day 56 which was 1.26 V/cm. This area of the tank dried out more than the rest of the tank and 
had some large cracks through it.  
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Figure 4.6.3 – Water Content, Experiment 2. 
 
The water content of the soil at the beginning of this experiment was estimated to be 29.4%. 
The average water content varied during the experiment between 26.7% on day 2 to 33.3% on 
day 28 (see figure 4.6.3). An interesting point to note is that the highest individual water content 
recorded was from the 65 cm position (near the cathode) on day 6 and the lowest was recorded 
from the 5 cm position (near the anode) on day 56. The soil around the cathodes during this 
experiment remained very wet. During the first few days of the experiment free water was found 
on the surface of the soil directly around the cathodes. Hydrogen gas produced from the 
hydrolysis reaction at the cathode bubbled up through this water and formed a froth around the 
cathodes (see figure 4.6.4). At the end of the experiment the soil in the tank was noticeably wetter 
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at the cathode end than at the anode end however there was no free water on the surface any 
more. There was an accumulation of soil organic material (dark brown/black coloured) around the 
cathodes. Around the anodes the soil became noticeably lighter in colour than in the rest of the 
tank. This may have been caused by the migration of the soil organics away from this region and 
the lower moisture content of the soil in this region. This can be seen in figure 4.6.5 as well as the 
significant cracking of the soil at the anode end of the tank.  
 
 
Figure 4.6.4 – Cathodes at Day 3, Experiment 2. 
 
 
Figure 4.6.5 – Top View of Experimental Tank at Day 56, Experiment 2. 
 
  
87
The pH, EC and Eh were recorded from 1:5, soil:water suspensions. The pH in water is 
shown in figure 4.6.6. The initial pH was approximately 6.3 and most of the soil in the tank 
stayed at this pH for the duration of the experiment. The pH dropped to 2.56 at the anode 
(position 0). Beyond this into the tank the pH declined at positions 5 cm and 12.5 cm but at the 20 
cm position by the end of the experiment the pH had not declined at all. At the cathode end of the 
tank the pH rose slightly after 56 days at the 57.5 and 65 cm positions. The only really significant 
pH rise (to 10.49) occurred directly around the cathodes.  
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Figure 4.6.6 – pH1:5 (water), Experiment 2. 
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Figure 4.6.7 – pH difference (CaCl2 and H20), Experiment 2. 
 
The pH values measured in CaCl2 were found to be lower than those measured in water. The 
initial pH in CaCl2 was 5.52 compared to 6.26 in water. Other pH measurements ranged from 
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0.27 to 1.04 pH points lower. The graph of pH difference (pHH2O – pHCaCl2) versus pH in water 
shows some considerable variation (see figure 4.6.7). The pH differences appear to be lower at 
pH values around 3 and 7.  
The electrical conductivity data recorded are shown in figure 4.6.8. The initial EC1:5 was 
0.16 mS/cm. During the experiment the EC rose considerably around the electrodes due to 
hydrogen and hydroxyl ion production there, as well as some accumulation of mobile ions in 
solution from the soil. Water extractable cations were at a maximum at the cathode end of the 
tank. In the middle of the experimental tank, the soil EC declined considerably with a minimum 
of 0.03 mS/cm being recorded at the 12.5 cm position after 56 days. The position was where the 
water extractable cations were at a minimum. This corresponds to the highest voltage gradient 
recorded during the experiment.  
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Figure 4.6.8 – EC1:5, Experiment 2. 
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The Eh data from this experiment are shown in figure 4.6.9. There is an increasing redox 
potential at the anode end which moves out across the tank. The redox potentials have increased 
across much of the tank and they have only decreased immediately around the cathode.  
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Figure 4.6.9 – Eh1:5, Experiment 2. 
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Figure 4.6.10 – pH vs Eh, Experiment 2. 
 
The pH to Eh relationship is of interest with this experiment. All the points plotted on an Eh 
vs pH graph plot on, or above, the theoretical arsenic(III) to arsenic(V) boundary. Soil with a low 
pH has a high Eh and vice versa. The trend line for the soil in the second experiment, although it 
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does not show a very good correlation, is at a lesser slope than the theoretical arsenic(III) to 
arsenic(V) boundaries. The soil data points plot closer to this boundary at lower pH values. 
Again, as with the first experiment, these data show that the arsenic in this experiment is most 
likely to be occurring as arsenic(V) species (see figure 4.6.10). 
The main aim of this experiment was to see if the arsenic in the soil could be moved and the 
results showed that little of it was moved within the tank (see figure 4.6.11). Again, due to the 
natural variability of soil and the associated variability of the test results, small differences 
recorded in arsenic content across the tank were not significant. The only really interesting result 
from the arsenic analysis was that the arsenic level around the cathodes at the end of the 
experiment was significantly lower than in the rest of the tank. Initial arsenic levels were 
approximately 270 ppm. At the cathodes on day 56 the arsenic level had fallen to 180 ppm.  
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Figure 4.6.11 – Arsenic Content, Experiment 2. 
 
The iron content of this soil was relatively high. The average iron content was 3%, making it 
a significant constituent of the soil especially when investigating arsenic. The high iron content 
and relatively oxidising conditions mean that the arsenic in the soil is likely to be strongly bound 
to the soil and not very mobile. The data from the analysis of iron in this experiment show there 
was no significant movement of it across the tank. The results showed considerable variability 
without any trends being discernable (see figure 4.6.12). 
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Figure 4.6.12 – Iron Content, Experiment 2. 
 
4.7 Electrokinetic Experiment #3 
Electrokinetic experiment three was conducted using graphite electrodes placed into fluid 
wells at either end of the tank. This was done to enable additives in a liquid form to be easily 
introduced to the experiment in a controlled manner. It would also enable any arsenic which was 
moved to the electrodes to be easily extracted with the electrolyte fluid. Another benefit was that 
the fluid wells at each end, with a constant fluid level, would assist in keeping the moisture 
content of the soil in the tank at a constant level. The main aim of this experiment was to see if 
arsenic could be mobilised by adding phosphate to the system and then removed in the fluid at the 
electrode wells. The pH was monitored daily and adjusted at the electrodes to keep it 
approximately neutral. This was done to minimise the effects of the widely varying pH values 
found in the previous experiments.  
A voltage of 35 V was used over a 70 cm distance from the anodes to the cathodes. The 
initial current flow was 60 mA which in general gradually rose for the duration of the experiment 
reaching a maximum of 105.5 mA on day 36 (see figure 4.7.1).  
The voltage gradient variation with time is shown in figure 4.7.2. It shows that the largest 
voltage gradients were always around the cathodes. After switching off the power to the 
experiment on day 42 the voltage recorded across the electrodes was 2.7 V. After 30 minutes this 
had fallen to 1.4 V. 
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Figure 4.7.1 – Current vs Time, Experiment 3. 
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Figure 4.7.2 – Voltage Gradient versus Time, Experiment 3. 
 
All the water added to this experiment was added via the anode fluid wells. The fluid levels 
in the anode and cathode wells were kept constant. Initially, the fluid added to the anode wells 
was 0.1M NaHCO3 / 0.03M KH2PO4. This had a pH of 7.7 and it was used with the hope that it 
would effectively buffer the anode well fluid so that it would not become very acidic. After two 
days the anode pH had dropped below 3 and the buffer solution was changed. The new buffer 
solution used was 0.2M NaHCO3 / 0.03M KH2PO4 with a pH of 8.1. After a further two days it 
was decided to adjust the pH at the anode wells once per day by manually adding 1M NaHCO3. 
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From this time on the fluid used in the header bottles, which constantly fed the anode wells, was 
distilled water. The 0.2M NaHCO3 / 0.03M KH2PO4 solution was then only used to replace the 
fluid in the anode wells when it was drained for analysis (usually once per week). On day 9 it was 
noticed that the electroosmotic flow had ceased. This was attributed to the addition of a large 
amount of salt to the system, largely from the addition of the sodium bicarbonate. On day 18 it 
was decided to change the neutralising agent for the anode wells from bicarbonate to lime. A lime 
suspension of 74.1 g/l was used for most of the experiment, although from day 24 to day 31 this 
was changed to a 7.4 g/l suspension of lime in distilled water. The more concentrated solution 
was thought to be better because excessive amounts of fluid did not have to be added to the anode 
wells which would overflow those wells. By day 30 the electroosmotic flow from the anodes to 
the cathodes had resumed. 
 Initially, the cathode wells were filled with 0.1M KH2PO4 / 0.03M NaHCO3 with a pH of 
6.3. This fluid was used to attempt to buffer the cathode wells from the large increases in pH 
which can occur there. It was largely unsuccessful. After the first day the pH of the cathode well 
fluid had risen to above 12. The pH of the cathode wells was then adjusted manually each day 
using 1M KH2PO4 (pH~4.5) for the next two weeks. The amount of 1M KH2PO4 required to bring 
the pH back to neutral was considered to be excessive so a change was required. The main 
concern with the addition of the KH2PO4 was that too much salt was being added to the system. 
1M H3PO4 (pH~1.1) was then used to adjust the pH of the cathode well fluid. This meant that 
potassium was no longer being added to the system and the amount of phosphoric acid required to 
affect a pH change was considerably less than that of KH2PO4. 
 There was a total of 20.8 litres of fluid added to the experiment and 8.5 litres of fluid 
removed from the experiment. Therefore, a net input of 12.3 litres of fluid occurred with the 
experiment. Most of the water was lost by evaporation. 
The experiment had small fluid wells at positions 12.5, 35 and 57.5 cm from the anodes. 
These wells gradually dried out during the experiment as the soil was dewatered by the 
electroosmotic effect. By day 8 the 57.5 cm well was dry and by day 15 the other two wells were 
also dry. Interestingly, on day 31, some fluid returned to the 12.5 cm and 57.5 cm position wells. 
The 57.5 cm position well dried out again by the next day but the 12.5 cm position well kept 
some fluid in it for the next 3 days before drying out. Fluid again appeared in the 12.5 cm 
position well on days 41 and 42.   
The water content of the soil during this experiment varied little (see figure 4.7.3). Initially, 
the water content was 31.4% and the average water content during the experiment varied from 
this value to 35.4%. The anode end of the tank was wetter than the rest of the tank throughout this 
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experiment. Due to the high moisture content and possibly the addition of potassium and 
phosphorous to the soil a large amount of algae grew on the soil during this experiment. This is 
visible as the green colouration on the soil in figure 4.7.4. 
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Figure 4.7.3 – Water Content versus Position, Experiment 3. 
 
 
Figure 4.7.4 – Top View of Tank after 42 Days, Experiment 3. 
 
The EC, pH and Eh data from the well fluids during this experiment were recorded. The pH 
data (see A4) shows the large shift in pH which occurred directly around the anodes. Typically, 
the pH at the anodes would fall from neutral to approximately 2 in a single day. The opposite 
would typically occur at the cathodes where the pH would rise from neutral to approximately 12 
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in one day. The central fluid wells, when there was fluid in them to test, did not show much 
variation in pH. The minimum pH recorded there was 7.05 and the maximum was 8.38.  
The soil pH data are shown in figure 4.7.5. There is little variation across the soil profile 
except at the 5 cm position (next to the anode fluid wells). Here the pH has fallen to 3.77 by the 
end of the experiment. 
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Figure 4.7.5 – pH (water), Experiment 3. 
 
The EC data from this experiment (see figure 4.7.6) show the changes which occurred as the 
experiment progressed. Most of the EC values have increased in this experiment due to the 
addition of sodium bicarbonate and potassium (hydrogen) phosphates. These compounds are very 
soluble and will readily increase the EC if added to soil. The EC values at the anode end of the 
tank rose over the first two weeks and then declined. This corresponds to the addition of sodium 
bicarbonate to the anode fluid wells. The addition of sodium bicarbonate to adjust the anode well 
fluid pH was stopped on day 18 and lime was substituted for it. The lime has a much lower 
solubility and does not lead to large increases in conductivity across the tank. By day 28 the EC 
of the soil near the anodes had dropped below initial levels. At the 20 cm position the EC 
continued to rise until day 28. This was probably due to the electromigration of predominantly 
sodium ions from the anodes towards the cathodes. The conductivity peaked on day 28, probably 
as a result of a peak or wave of sodium being moved across the tank. The EC values at the 
cathode end of the tank increased as the experiment progressed. This was caused by the 
accumulation of soluble, mobile cations (e.g. sodium) in this region. The minimum EC values 
recorded at the five main positions (5, 20, 35, 50 and 65 cm) across the tank show an interesting 
pattern. At positions 5 and 20 cm from the anodes the minimum EC was recorded on day 42 at 
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the end of the experiment. At the midpoint (35 cm position) the minimum EC was on day 28. At a 
position 50 cm from the anodes the minimum EC was on day 14 and near the cathodes (position 
65 cm) the minimum EC was recorded on day 2.  
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Figure 4.7.6 – EC (1:5), Experiment 3. 
 
The Eh data from this experiment in figure 4.7.7 show the variation of Eh across the tank 
with time. These data are not necessarily very accurate in terms of absolute values. Initial values 
for the Canadian Creek soil ranged from 109mV to 195mV. However, the important feature of 
these data is the relative variation of Eh from one position to another. At the anode end of the 
tank the Eh values are rising and through the rest of the tank the Eh values are falling. 
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Figure 4.7.7 – Eh (1:5), Experiment 3. 
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The Eh data recorded from the fluid wells in this experiment showed the typical pattern of 
high values developing at the anodes and low values developing at the cathodes (see figure 4.7.8). 
The values of Eh from the fluid wells were quite extreme with the highest value being 1135mV 
and the lowest being -905mV. 
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Figure 4.7.8 – Eh of Well Fluid, Experiment 3. 
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Figure 4.7.9 –Soil Eh vs pH, Experiment 3. 
 
The Eh versus pH data obtained from this experiment showed a similar trend to the other 
experiments (see figure 4.7.9). All the data points plotted from the experimental soil, except two, 
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plot above the theoretical arsenic(III) to arsenic(V) boundary. This means that the most likely 
arsenic species to be present are arsenic(V) species. The two points which plotted close to but just 
under the theoretical arsenic(III) to arsenic(V) boundary where from the 5 cm position at days 28 
and 42. These were by far the lowest two pH values recorded from the soil in this experiment.  
The main aim of the experiment was to see if the arsenic could be moved through the soil 
and extracted in solution from the fluid wells. The results for the arsenic content of the soil across 
the tank showed that little arsenic was moved within the soil (see figure 4.7.10). The only 
significant results in terms of arsenic concentration were the lowest values recorded from position 
5 cm on day 42 (373 ppm), position 20 cm on day 2 (380 ppm) and from position 65 cm on day 6 
(381 ppm) . These results are not showing any consistent pattern and it is difficult to determine 
where the arsenic is moving to. It may be that the arsenic is moving both ways depending on the 
local soil conditions and the predominant flow of water. 
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Figure 4.7.10 – Arsenic Content, Experiment 3. 
 
The fluid collected from the fluid wells was also tested for arsenic (see table 4.7.1). This was 
done to see if the arsenic would concentrate in the fluid wells from where it could be easily 
extracted. Some of the arsenic levels in the well fluid were below detection limits using the flame 
AAS. In general, the arsenic was found in higher concentrations in the anode well fluid compared 
to the cathode well fluid. Every time the anode well fluid was tested it had a detectable level of 
arsenic in it. This reached a maximum of 5.1 ppm for the time period 21 to 28 days. The cathode 
well fluid only had detectable levels of arsenic in it from day 11 to day 21.  
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Arsenic Content (ppm) 
Time 
(days) 
Anode 
Wells 
Cathode 
Wells 
2 3.6 * 
3 # * 
4 # * 
5 # * 
6 4.1 * 
7 # * 
8-10 # * 
10 3.9 * 
11-13 # 2.6 
14 4.6 4.3 
21 3.1 3.3 
28 5.1 * 
31-34 # * 
35 3.5 * 
36-41 # * 
42 3.5 * 
* = below detection limit of 2.5 ppm 
# = no sample tested for this time 
Table 4.7.1 – Arsenic Content of Well Fluid, Experiment 3. 
 
The iron content of the soil was tested as the experiment progressed and the results showed 
that there was little if any significant movement of iron in this experiment (see figure 4.7.11). 
Results ranged from 1.69% to 2.24% total iron content.   
The iron content of the electrode well fluid was also tested regularly and the results are 
presented in table 4.7.2. The results show that there was little movement or removal of iron from 
the system. Interestingly there was no iron detectable in the cathode well fluid at any time. In all 
the anode well fluid samples tested, iron was detected at levels at or above 1.6 ppm.
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Iron Content (ppm) 
Time 
(days) 
Anode 
Wells 
Cathode 
Wells 
2 1.6 * 
3 # * 
4 # * 
5 # * 
6 2.4 * 
7 # * 
8-10 # * 
10 2.3 * 
11-13 # * 
14 1.8 * 
21 7.1 * 
28 23.5 * 
31-34 # * 
35 11.4 * 
36-41 # * 
42 11.3 * 
* = below detection limit of 0.1 ppm 
# = no sample tested for this time 
Table 4.7.2 – Iron Content of Well Fluid, Experiment 3. 
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Figure 4.7.11 – Iron Content, Experiment 3. 
 
4.8 Electrokinetic Experiment #4 
Electrokinetic experiment #4 was conducted using graphite electrodes placed into fluid 
wells. This experiment used the same setup as experiment #3. The aim was to determine if the 
arsenic could be mobilised from the Meredith dip site soil with the addition of phosphate and then 
extracted from the fluid wells. The pH was adjusted every day so that large pH gradients would 
not develop. 
Thirty five volts was applied over a 70 cm distance from the anodes to the cathodes. The 
initial current flow was 26.1 mA which rose to 43 mA after three hours. The current flow peaks at 
47.8 mA on day 3 after which it gradually declines until day 9. After day 9 the current remains 
quite stable (see figure 4.8.1).  
One factor which was thought to influence the current flow in the electrokinetic experiments 
was the temperature. During this experiment the temperature of the fluid in the tank was taken 
and compared to the current flow (see figure 4.8.2). There were initially good linear correlations 
between temperature and current flow when looked at over approximately weekly periods. As the 
experiment progressed the temperature seemed to have less effect on the current flow (R2 = 0.99 
for days 3 – 7, R2 = 0.91 for days 8 – 14, R2 = 0.63 for days 15 – 21, R2 = 0.26 for days 22 – 28, 
R2 = 0.22 for days 29 – 35, R2 = 0.99 for days 36 – 42). When considered for the whole 
experiment the correlation coefficient (R2) was 0.49. In general, the trend showed that as the 
ambient temperature increased, so did the current flow through the soil. 
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Figure 4.8.1 – Current Flow, Experiment 4. 
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Figure 4.8.2 – Current Flow vs Temperature, Experiment 4. 
 
The voltage gradients developed during this experiment were recorded and they show that 
the largest gradients occurred around the cathodes. The gradient there decreased with time from 
2.84 V/cm to 0.88 V/cm. The conductivity around the cathodes steadily increased during the 
experiment reducing the voltage loss there. However the voltage loss near the cathodes was still 
higher than anywhere else in the tank. The voltage gradient around the anodes increased during 
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this experiment although not greatly (see figure 4.8.3). After switching off the power to this 
experiment a voltage of 1.3 volts was recorded between the anodes and cathodes.  
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Figure 4.8.3 – Voltage Gradients, Experiment 4. 
 
All the water added to this experiment was added via the anode fluid wells. Over the first 
few days of this experiment there was a large outflow from the cathode wells. This amounted to 
620mls over the first day. It was decided that this was too much and that gravity flow from the 
anodes to the cathodes could be occurring, so the level of the cathode overflow was raised. It was 
taken up a total of 12mm over the next four days so that the outflow was reduced. 
Initially, the soil in this experiment was totally saturated. The water content was estimated to 
be 41% at the beginning, although subsequent test results suggest that this estimate may have 
been too high. During the experiment the water content did not vary much (see figure 4.8.4). 
Average water contents from the whole soil profile varied from 28.7% to 31.3%. Individual water 
contents across the soil profile varied from 26.5% to 36.2%. Interestingly, the greatest variation 
recorded was at the end of the experiment on day 42. The water content around the anode and 
cathode wells was greater than it was across the centre of the tank. The small fluid wells 
positioned along the centreline of the tank showed that the soil in the tank was drying out as the 
fluid levels progressively decreased in them. By day 3 of the experiment, fluid levels in these 
wells had declined to half the initial level. The first well to dry out was at the 57.5 cm position on 
day 7. The other two central wells dried out totally by day 12. The fluid input and output from the 
cathode wells during this experiment is shown in figure 4.8.5. The electroosmotic flow rate began 
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at a high level and then appeared to reduce exponentially. The amount of 1M ortho-phosphoric 
acid added to the cathode wells progressively increased as the experiment proceeded. The fluid 
balance graph (figure 4.8.6) shows the cumulative totals of fluid input and output during the 
experiment. Both the fluid input and output lines levelled off over time. This was caused by the 
declining electroosmotic flow during the experiment. The difference between the two lines is the 
result of the amount of water lost through evaporation and hydrolysis. This is a significant 
amount as the total amount of water added was 24.2 litres and the amount of water removed was 
13.5 litres. 
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Figure 4.8.4 – Water Content, Experiment 4. 
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Figure 4.8.5 – Fluid Overflow (out) and Acid Added (in) to Cathode Wells, Experiment 4. 
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Figure 4.8.6 – Fluid Balance, Experiment 4. 
 
The pH of the fluid in the electrode wells in this experiment varied significantly during each 
day (see A6). The pH of the anode wells would fall after adjustment to neutral. The amount the 
pH declined would depend on the amount of time since buffer solution was added to the anode 
wells. Typically, the pH would only fall to around 6.5 in the first one or two days after new buffer 
was added to the anode wells. The pH would then fall more each day. The lowest average pH 
recorded from the anode wells was 4.13. 
The pH of the fluid in the central wells did not change very much. Typically, these values 
ranged from 6.5 to 6.8. The most significant change in the pH of the fluid in the central wells 
occurred in the well at the 57.5 cm position. Here the pH rose to 7.63 on day 11 which was the 
last day that this well had any fluid in it.  
The pH of the cathode well fluid varied considerably each day. At the start of the experiment 
the pH rose to an average of 12.45 after one day. The increase in pH every day (from around 
neutral after pH adjustment) was similar although it did marginally decrease as the experiment 
progressed. On day 42 the pH had risen to an average of 11.44.  
The EC data from the fluid wells showed that there were significant variations occurring 
daily (see A7). At the anode wells the EC of the well fluid, after addition of the buffer solution, 
ranged from 12 to 14.8 mS/cm. These large EC values declined as time progressed. Typically the 
EC fell to around 2 mS/cm after a few days following the addition of new buffer solution to the 
anode wells. This is consistent with the changes in pH recorded. The larger the EC value of the 
well fluid the greater the buffering capacity it had. 
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At the cathode wells the EC varied each day as the solution was neutralised. This EC change 
was typically small being around 0.5 to 2.0 mS/cm. In general, the EC of the cathode well fluid 
gradually increased over time. By the end of the experiment it was around 7 mS/cm. Again, this is 
consistent with the increased buffer capacity of the cathode well fluid as the experiment 
progressed. 
The EC of the fluid in the central wells varied. Daily fluctuations did not occur here but there 
was a trend of increasing EC over time. Initially, EC values in the central wells were below 0.6 
mS/cm. These values rose each day until there was no more fluid in the central wells to test on 
day 12. On day 11 the 12.5 cm well position had an EC of 3.59 mS/cm and the 57.5 cm well 
position had an EC of 1.31 mS/cm.  
The Eh of the fluid from the wells was tested. Results showed high Eh values at the anode 
wells and low Eh values at the cathode wells (see figure 4.8.7). After neutralisation of the acid at 
the anode wells the Eh dropped there. Plots of pH versus Eh from the well fluid show that the 
points for the anode and central well fluid plot above the theoretical arsenic(III) to arsenic(V) 
boundary. However the fluid from the cathode wells mainly plotted below the theoretical 
arsenic(III) to arsenic(V) boundary (see figure 4.8.8).  
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Figure 4.8.7 – Fluid Well Eh, Experiment 4. 
( ‘ = Eh after pH adjustment or changing of well fluid – e.g. T 35’ = Day 35 after pH 
adjustment of cathode well fluid and changing of anode well fluid) 
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Figure 4.8.8 – Fluid Well pH vs Eh, Experiment 4. 
 
The results of the pH tests on the soil showed there were relatively small variations in pH 
across most of the soil profile as the experiment progressed (see figure 4.8.9). The lowest pH 
recorded was 3.84 from a position 5 cm from the anodes on day 14. The highest pH recorded was 
7.74 from the 65 cm position (5 cm from the cathodes) on day 42. By the end of the experiment 
the pH had increased a small amount across most of the tank except at the 5 cm position near the 
anode which had a final pH of 4.97. 
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Figure 4.8.9 – Soil pH, Experiment 4. 
 
The EC data from the 1:5 soil:water suspensions showed that there was initially an increase 
in conductivity at the anode end of the tank followed by a decrease there (see figure 4.8.10). At 
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the cathode end of the tank there was an increase in conductivity as the experiment progressed. 
By day 42 the EC at the 65 cm position was 0.36 mS/cm. 
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Figure 4.8.10 – Soil EC (1:5), Experiment 4. 
 
The Eh data recorded from the 1:5 soil:water solutions from this experiment showed little 
variation across the tank. There was a small increase in Eh noticeable at the anode end of the tank 
when compared to the cathode end. The difference was relatively small being around 50 mV (see 
figure 4.8.11).  
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Figure 4.8.11 – Soil Eh (1:5), Experiment 4. 
 
The Eh versus pH data from the soil showed a cluster of points around the pH=7, Eh=200 
mV point (see figure 4.8.12). There were three points which plotted away from this cluster which 
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were close to the theoretical arsenic(III) to arsenic(V) boundary. These were soil samples from 
the 5 cm position which had low pH values (from 3.84 to 4.97).  
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Figure 4.8.12 – Soil pH versus Eh, Experiment 4. 
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Figure 4.8.13 – Soil Arsenic, Experiment 4. 
 
As with experiment #3, the main aim of this experiment was to see if arsenic could be moved 
through the soil and extracted from the fluid wells. Results for the arsenic content of the soil 
across the tank showed that there was no significant movement of arsenic during this experiment 
(see figure 4.8.13). The only movement of arsenic indicated by the results were small decreases in 
arsenic levels at the 12.5 cm position on day 42, the 20 cm position on day 2 and the 35 cm 
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position on day 6 and a small increase in arsenic content at the 5 cm position on day 42. No trend 
is discernable from these results and their significance is questionable given the possible variation 
in test results. 
 
Arsenic Content (ppm) 
Time 
(days) 
Anode 
Wells 
Cathode 
Wells 
0 * # 
0-1 # * 
2 * * 
3-5 # * 
6 * * 
7-9 # * 
10 * * 
11-13 # * 
14 * * 
15-20 # * 
21 * * 
22-27 # * 
28 * * 
29-34 # * 
35 * 2.8 
36-41 # 4.6 
42 * 5.4 
* = below detection limit of 2.5 ppm 
# = no sample tested for this time 
Table 4.8.1 – Arsenic Content of Well Fluid, Experiment 4. 
 
Fluid collected from the fluid wells was also tested for arsenic content (see table 4.8.1). Most 
of the fluid tested had levels of arsenic below the detection limit of the flame AAS. No detectable 
arsenic was found in the anode well fluid from this experiment. The cathode well fluid from days 
35 to 42 was the only fluid tested with detectable levels of arsenic in it. 
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The iron content of the soil was tested as well as the arsenic content to see if there was any 
significant movement of iron or any correlation with the arsenic content. No significant 
movement of iron was recorded during this experiment (see figure 4.8.14). The test results were 
variable, ranging from 2.6% to 3.76%. There is no discernable pattern to these results. 
The iron content of the well fluid was also tested. It appears that there was some movement 
of iron in the first couple of days to the cathodes after which there were no significant levels of 
iron detected at either end of the tank (see table 4.8.2).  
 
Iron Content (ppm) 
Time 
(days) 
Anode 
Wells 
Cathode 
Wells 
0 18.3 # 
0-1 # 8.8 
2 * 4.4 
3-5 # * 
6 * 0.1 
7-9 # * 
10 0.1 * 
11-13 # * 
14 * * 
15-20 # * 
21 * * 
22-27 # * 
28 * * 
29-34 # * 
35 * * 
36-41 # * 
42 * * 
* = below detection limit of 0.1 ppm 
# = no sample tested for this time 
Table 4.8.2 – Iron Content of Well Fluid, Experiment 4. 
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Figure 4.8.14 – Soil Iron, Experiment 4. 
 
4.9 Water Extractable Cations and Anions 
Soil samples taken at the end of electrokinetic experiments from the Canadian Creek and 
Meredith dip site soils were analysed for water extractable constituents. Suspensions of 20:1, 
soil:water were used to obtain the water extracts. Analysis was undertaken for cations (Na, K, Ca, 
Mg, Al, Fe and Mg), anions (chloride, nitrate, sulphate, phosphate and bicarbonate) and for total 
arsenic content. Two samples from each soil type were analysed before electrokinetic treatment to 
give a comparison before and after treatment and to give an indication of the variability of results. 
The cation analysis was performed using the flame AAS and reliable results were obtained. 
Results for the major cation analysis from the plain electrokinetic experiments are given in 
figures 4.9.1 and 4.9.2. From the figures it can be seen that most of the water extractable major 
cations are moved to the cathode, with the exception of magnesium.  
Major water extractable cations from the electrokinetic experiments with fluid wells are 
shown in figures 4.9.3 and 4.9.4. The concentrations of water extractable cations from these 
experiments are much greater than from the plain electrokinetic experiments. 
Results from the analysis of water extractable aluminium show that it has concentrated 
towards the cathodes in three of the main electrokinetic experiments (see figure 4.9.5). These 
results are consistent with aluminium occurring as a cation. This did not occur with electrokinetic 
experiment #4. 
Results for water extractable iron from the four main electrokinetic experiments were quite 
different (see figure 4.9.6). Iron concentrations peaked at the 57.5 cm position for three of the 
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experiments. Experiment #4 gave different results from the other three. There was a peak in water 
extractable iron found at a position 20 cm from the anodes in this experiment. 
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Figure 4.9.1 – Water Extractable Major Cations, Experiment 1. 
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Figure 4.9.2 – Water Extractable Major Cations, Experiment 2. 
 
Water extractable manganese was found at low levels in the soils from these experiments, 
with a maximum of 0.31 ppm (see figure 4.9.7). The most significant results from the manganese 
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analysis were the differences in manganese levels found in the soil from the plain electrokinetic 
experiments compared to the electrokinetic experiments with fluid wells. Levels of manganese 
were considerably higher in zones of soil near the anodes from the plain electrokinetic 
experiments. 
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Figure 4.9.3 – Water Extractable Major Cations, Experiment 3. 
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Figure 4.9.4 – Water Extractable Major Cations, Experiment 4. 
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 Figure 4.9.5 – Water Extractable Aluminium, Electrokinetic experiments. 
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Figure 4.9.6 – Water Extractable Iron, Electrokinetic experiments. 
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Figure 4.9.7 – Water Extractable Manganese, Electrokinetic experiments. 
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Figure 4.9.8 – Water Extractable Arsenic, Electrokinetic experiments. 
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Data from the analysis of arsenic from the water extracts were not reliable, however, orders 
of magnitude difference were considered significant enough to comment upon. The difference 
between the two initial samples from experiment #1 highlights the variability of the results from 
this analysis (see figure 4.9.8). The major result worth commenting on from this analysis is the 
difference in concentrations between the plain electrokinetic experiments (#1 and #2) and the 
experiments with fluid wells (#3 and #4). The levels of arsenic in the water extracts were 
significantly higher in the samples from the experiments with fluid wells. 
Liquid chromatography was used to analyse the water extracts for major anions, however, 
the results from replicate samples were so variable that no reliable data could be obtained. 
Therefore, results from this analysis are not presented in this thesis. 
 
4.10 Cation Exchange Capacity 
The cation exchange capacity (CEC) is a measure of the surface sites on the soil particles 
which can sorb positively charged ions (cations). In relation to arsenic, this measurement is not 
particularly important because arsenic is sorbed as a neutral or negatively charged molecule 
(probably adsorbed as a negatively charged molecule). However, CEC is a commonly measured 
soil parameter and it can give an indication of the amount of clay and organic matter in the soil 
which are the most reactive soil constituents. The proportions of the different exchangeable 
cations are also important in determining the structural/physical properties of the soil (e.g. 
dispersion, permeability, structural stability). 
The total cation exchange capacity was estimated from the sum of exchangeable sodium, 
potassium, calcium, magnesium and aluminium. The exchangeable acidity was only estimated 
from the exchangeable aluminium. This will under estimate the values for acid soils, but only to a 
small degree.  
The cation exchange capacity varied considerably across the soil in the experimental tanks 
after electrokinetic treatment. The Canadian Creek soil initially had a CEC of 12 millimoles of 
charge per 100 grams of soil (meqc/100g). After electrokinetic treatment this was reduced to 5.8 
meqc/100g at the anode end of the tank. This exchange capacity was largely taken up by 
aluminium. It may have been slightly underestimated because the exchangeable hydrogen ions 
were not measured. In the centre of the tank the CEC varied from 10.8 to 12.0 meqc/100g. This 
was similar to the initial CEC. At the cathode end of the tank the CEC rose to 31.9 meqc/100g. 
This was much larger than the initial CEC. At the cathode end, magnesium increased the most of 
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all the exchangeable cations (see figure 4.10.1). Exchangeable magnesium was initially 6.8 
meqc/100g but after treatment at the cathode end it rose to 23 meqc/100g.  
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Figure 4.10.1 – Canadian Creek Expt.1, Exchangeable Cations at Day 56. 
 
Meredith #1 - Exchangeable Cations
0
20
40
60
80
100
120
140
in
iti
al
in
iti
al 5 20 35 50 65
position-distance from anode (cm)
m
m
ol
 c
ha
rg
e/
kg
Na
Mg
K
Ca
Al
 
Figure 4.10.2 – Meredith Dip Site Expt.1, Exchangeable Cations at Day 56. 
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The CEC of the Meredith soil showed a similar trend to that of the Canadian Creek soil (see 
figure 4.10.2). Initially, it had a CEC of 9.4 meqc/100g. After electrokinetic treatment the CEC 
declined to 2.6 meqc/100g at the anode end where the pH was low. Again this was largely made 
up of exchangeable aluminium. In the middle of the tank the CECs remained similar, ranging 
from 9.6 to 10 meqc/100g. At the cathode end of the tank the CEC was larger being 13.3 
meqc/100g. 
In general, there was a reasonable correlation (R2=0.82) between the exchangeable 
magnesium and the magnesium concentration in the soil water extracts (see figure 4.10.3). This, 
however, excluded the magnesium concentrations at the cathode end of the electrokinetic 
experiment with the Canadian Creek soil (denoted as CC1-T56-P65 in fig 4.10.3). The 
exchangeable magnesium value was large here (2800 ppm). Exchangeable magnesium levels 
across the experimental tanks increased from the anode to the cathode end (see figures 4.10.1 and 
4.10.2). This trend was quite clear for magnesium, but it did not occur for the other major cations 
(Ca, K and Na). 
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Figure 4.10.3 – Exchangeable Magnesium vs Solution Magnesium. 
 
There was a good correlation (R2=0.93) between the exchangeable potassium and the water 
extractable potassium (see figure 4.10.4). For sodium this correlation was poorer (R2=0.66) and 
for calcium there was no correlation (R2=0.40) between the exchangeable and water extractable 
components.  
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Figure 4.10.4 – Exchangeable Potassium vs Solution Potassium. 
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Figure 4.10.5 – Sodium Absorption Ratio vs Exchangeable Cation Ratio. 
 
A good correlation was found (R2=0.91) between the exchangeable cation ratio of 
Na/(Ca+Mg) to the water extractable sodium absorption ratio of 100*0.5*[Na]/([Ca]+[Mg])0.5 
(see figure 4.10.5). The exceptions to this were the very acidic samples from the anodes. These 
samples showed much lower CEC values and much of the CEC was made up of exchangeable 
aluminium. Consequently, the exchangeable cation ratio of Na/(Ca+Mg) was comparatively high 
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in relation to the sodium absorption ration. This phenomenon could be expected with the low soil 
pH encountered there.  
There was also a strong correlation (R2=0.90) between the exchangeable sodium percentage 
being 100*exchangeable Na/CEC and the sodium absorption ratio (see figure 4.10.6).  
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Figure 4.10.6 – Sodium Absorption Ratio vs Exchangeable Sodium Percentage. 
 
  
124
5. DISCUSSION 
 
This chapter discusses the results from the research work undertaken. It addresses the 
significance of these results in relation to the behaviour of arsenic in the soils studied and the 
implications this has for the electrokinetic remediation of arsenic contaminated soil.  
 
5.1 Leachability Tests 
The leachability experiments provided useful information on the mobility of arsenic in the 
three soils studied and the different results that can be obtained depending on the soil type and the 
leaching solution used. In general, phosphate solutions extracted the most arsenic. The phosphate 
can displace arsenate from binding sites on soil particles (Smith et al., 2002) because phosphate 
and arsenate have analogous structures. Both are tribasic acids with similar pKa values (Linge, 
2001). At higher concentrations of phosphate more arsenic was extracted. These solutions also 
had a very high buffering capacity.  
Hydrochloric acid solutions eluted significant amounts of arsenic from two of the soils. 
Hydrochloric acid also eluted the greatest amount of iron from all of the soils tested. This is 
consistent with the cationic nature of iron and its increased solubility, desorption and mobilization 
under low pH conditions. The greater amount of iron leached from the Maldon Gold tailings by 
the hydrochloric acid solution compared to the other soils tested could explain the leaching of 
arsenic from this material. As arsenic is commonly found in iron compounds, the dissolution of a 
significant amount of the iron from the tailings may have been responsible for a significant 
amount of arsenic being leached into solution.  
An interesting result from these experiments was that the sodium hydroxide leaching 
solution did not extract much arsenic from the soils, whereas the acid solution did. Sorption of 
arsenic (especially arsenate) is usually reduced significantly at high pH and extensive 
mobilisation of arsenic can occur under these conditions (Sun & Doner, 1998, Manning & 
Goldberg, 1997 & Smith et al., 1999). The reason that sodium hydroxide solutions did not extract 
much arsenic in these experiments is not known.  
The Victorian EPA guidelines for elutriable arsenic for a low level contaminated soil use the 
toxicity characteristic leaching procedure (TCLP) test at pH=4.9 (E.P.A. Victoria, 1995). The 
maximum allowable amount of elutriable arsenic in low level contaminated soil is 5.0g/m3. The 
maximum total concentration of arsenic allowed in a low level contaminated soil is 300 ppm. 
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Two of these soils tested (the Maldon Gold tailings and the Canadian Creek soil) had total arsenic 
levels greater than 300 ppm, so would not be allowed this classification. The other soil tested 
(from Meredith) was not above this level, however, no quantifiable result was obtained for the 
TCLP tests from this soil because the arsenic level was below the detection limit of the flame 
AAS. The TCLP leaching solution at pH 4.9 did not elute a significant amount of arsenic, from 
the soils studied, compared to the phosphate and hydrochloric acid solutions. 
The amount of elutriable arsenic from the soils using the phosphate solutions was well in 
excess of 5.0g/m3 (between 43 and 294 g/m3). The dilute hydrochloric acid solutions eluted high 
amounts of arsenic from the Meredith soil and the Maldon Gold tailings (57 and 741g/m3 
respectively). The arsenic eluted by the hydrochloric acid solution from the Canadian Creek soil 
was below the detection limit. These results highlight the variability of soil and the large 
differences in results which can be obtained for elutriable arsenic. They showed that the TCLP 
test recommended by E.P.A. Victoria, on its own, may not be appropriate as a means of assessing 
elutiable arsenic and the potential risks associated with arsenic contaminated soil. 
The Eh and pH data from the leaching experiments (see figure 4.2.2) showed that for all the 
leaching solutions used, the Eh / pH values after leaching plotted on or above the theoretical 
arsenic III/V boundary. Despite the difference between the solutions prior to leaching, the redox 
status of the solutions after leaching indicated that the predominant arsenic species likely to be 
present were arsenic(V) species. These species are usually less strongly sorbed and more mobile 
than arsenic(III) species (Smith et al., 1999). This result probably reflects the oxic conditions 
under which the soils were obtained and stored. 
 
5.2 Scanning Electron Microscopy 
No discrete phases of arsenic were found in the Canadian Creek or Meredith soils. The 
arsenic in these soils was dispersed throughout the soil matrix. If the iron (oxy)hydroxides in the 
Canadian Creek soil had scavenged a significant amount of the arsenic present, then arsenic may 
have been detectable in some of the iron compounds found. This was not the case, suggesting that 
the arsenic is widely dispersed through the clays and oxides in the soil matrix. These results 
meant that electrokinetic treatment could potentially move the arsenic through these two soils if it 
could be desorbed and mobilised. If the arsenic was concentrated in discrete phases in the soil 
then it would not be able to be moved through the soil using electrokinetics unless these phases 
can be made soluble. 
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5.3 Electrokinetic Experiments 
The electrokinetic experiments provided some insight into the effects of passing an electric 
current through soil. This included the changes to current flow, voltage gradients, electroosmosis, 
temperature effects, electrical conductivity, pH, redox potential, exchangeable cations and major 
cation movement. These experiments provided an assessment of the applicability of 
electrokinetics in the remediation of arsenic contaminated soils from central Victoria as well as 
the mobility of arsenic in these soils. 
5.3.1 Current  
These electrokinetic experiments all used a constant voltage of 35 volts applied over a 
distance of 70 cm between the anodes and cathodes. The current flow in the plain electrokinetic 
experiments always declined relatively soon after the start of the experiments. The decline in 
current flow began from the first day in the preliminary experiment and in experiment #2. With 
experiment #1 it took one week for the current to reach a maximum and then begin to decline. 
Moisture content was an important factor in relation to the current flow. With all the plain 
electrokinetic experiments the current flow increased after adding water to the soil. This is a 
typical picture of the current variation with time in an electrokinetic test. It is hypothesised that 
flow paths for the current can take some time (days) to be fully developed within the soil. This 
may be why the maximum current did not occur until day seven. The current flow in the first 14 
days, however, remained fairly constant in this experiment at around 70 mA. Larger variations 
have been noticed with other electrokinetic experiments conducted (e.g. the preliminary 
electrokinetic experiment). The current then progressively falls for a number of reasons:  
1) The redox potentials developed at each end of the tank oppose current flow in the 
direction of the applied current. Passing current through the soil is like charging a battery. A low 
redox potential around the cathodes and a high redox potential around the anodes drives current 
in the opposite direction (to the applied current) through the tank. This increases the resistance of 
the soil in the tank to the applied current. This effect was confirmed by switching off the power 
supply and testing the voltage between the electrodes. At the end of experiment #1 the voltage 
was recorded at 2.9 volts.  
2) The variations in pH lead to zeta potential changes across the soil profile. As 
electroosmosis is affected by the zeta potential then zones of different electroosmotic 
permeability develop. This means that some areas dry out more than others. The drying out of a 
certain area across the tank increases the resistance to current flow. These dry areas are where a 
large proportion of the voltage drop occurs and they become depleted of ions as well as water. 
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The current flow in experiment #2 was low compared to experiment #1 (less than half). This 
was mainly due to the difference in electrical conductivity between the two soils. The Canadian 
Creek soil is about twice as conductive as the Meredith dip site soil. 
The current flow in experiment #3 showed a different trend compared to that experienced 
with the plain electrokinetic experiments. In general, the current gradually rose for the duration of 
the experiment. It may be that current flow paths are able to progressively develop and decrease 
resistance to current flow through the soil as time progresses. In this experiment with the fluid 
wells and the cycling of fluid through them, the development of such large pH and redox 
potential differences between the anodes and cathodes had not occurred, which would act as an 
opposing force to the flow of current through the soil in the tank. As well, there was no noticeable 
consolidation of areas of soil as there was with the plain electrokinetic experiments, especially 
near the anodes. Ugaz, Puppala, Gale, & Acar (1994) suggested that “consolidation settlements 
are expected in the vicinity of anodes in fine grained soils, even when both electrodes allow 
ingress of the water”. Results from experiments #3 and #4 suggest that this consolidation of soil 
can be avoided if sufficient water is maintained in the system. The introduction of ions in solution 
into the soil from the electrode wells (especially the sodium bicarbonate) may also have 
contributed to the gradual current increase over the duration of experiment #3. Therefore, the 
current flow could increase for a significant time and not decline as the experiment progressed. 
The current flow in experiment #4 remained quite stable after a small initial rise and fall over 
the first week. This demonstrated that the current flow can be maintained over an extended period 
of time without the significant decline which occurred in the plain electrokinetic experiments. 
This is attributed to the relatively stable soil moisture content and the daily neutralisation of the 
fluid in the cathode and anode fluid wells. 
Results from experiments #3 and #4 suggest that electrokinetic soil treatment could be 
applied for long periods of time without excessive soil resistance developing if the right soil 
conditions are maintained. Moisture contents need to be maintained and the development of 
significant pH and Eh gradients need to be controlled. 
The total electrical energy used in experiment #1 was estimated to be 2.42 kWhrs (Average 
current, 51.54 mA x Number of hours, 1344 x Voltage, 35 volts / 10002 = Power consumption, 
2.42 kWhrs). The volume of soil between the electrodes was estimated to be 0.02142m3. This 
gives an energy consumption of 113 kWhrs per cubic metre of soil treated. If this energy was 
purchased through the power grid then the cost would be $10-$20 per cubic metre. This is a 
significant cost, however, it would be quite acceptable if it was to work as a remediation 
technique, as other methods of dealing with arsenic contaminated soil can be more expensive. 
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The total electrical energy used in experiment #2 was estimated to be 0.88 kWhrs. The 
volume of soil between the electrodes was 0.0202 cubic metres which gave an average power 
consumption of 44 kWhrs per cubic metre of soil treated. 
The total power used by experiment #3 was estimated to be 3.05 kWhrs. The volume of soil 
between the electrodes was approximately 0.0227 cubic metres which gave an average power 
consumption of 134 kWhrs per cubic metre of soil treated. 
The average current for the duration of experiment #4 was 36.8 mA giving a total power 
consumption of 1.30 kWhrs. The volume of soil between the electrodes was approximately 
0.02142 m3 which gave an average power consumption of 60.6 kWhrs per cubic metre of soil 
treated. 
5.3.2 Voltage Gradients 
The voltage gradients developed during the plain electrokinetic experiments (#1 and #2) 
showed a distinctive trend. Initially the largest voltage gradients were around the electrodes. The 
large voltage gradients there declined as electrokinetic soil treatment progressed. In experiments 
#1 and #2 the largest voltage gradient developed was at the 5 to 20 cm position at the end of the 
experiment. This was a dry zone of low conductivity. The lowest EC1:5 recorded from this 
experiment was from a position 12.5 cm from the anodes at the end of the experiment (day 56). 
The drying of the soil and depletion of soluble ions from this area would have increased it’s 
resistance to current flow, however, the associated cracking of the soil may also have contributed 
significantly to the increase in the voltage gradient. The lower pH at the anode end of the soil 
profile also has an influence. A fall in pH makes the zeta potential of the soil particles more 
positive and reduces the flow of water towards the cathodes, or could even locally reverse the 
flow direction. This can lead to the depletion of water in a particular zone of the tank.  
The voltage gradients developed during the electrokinetic experiments with fluid wells 
showed a different trend to the plain electrokinetic experiments. In the experiments with fluid 
wells the largest voltage gradients were always around the cathodes. This has been noted in many 
other electrokinetic experiments (Ugaz et al., 1994 & Stewart & West, 1996). It is usually 
attributed to an increase in pore water resistance in this area as the soluble and mobile 
constituents of the pore water are rendered insoluble under the higher pH conditions found near 
the cathodes. There appears to be a connection between the conductivity of the cathode well fluid, 
the voltage gradient around the cathodes and the current flow across the tank. Large voltage 
gradients around the cathodes correspond with the lowest electrical conductivity of the cathode 
well fluid.    
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A potential difference between the anodes and cathodes developed during all the 
electrokinetic experiments conducted. In experiment #1 it was 2.9 V. In experiment #2 it was 3.3 
V. The potential difference developed at the end of experiment #3 (2.7 V) was similar to that 
developed in experiment #1 (2.9 V) immediately after switching the power supply off. This result 
suggests that the Eh gradient developed during this experiment was of similar magnitude to that 
developed in the plain electrokinetic experiments although the large changes in Eh are confined to 
the fluid wells and do not extend out into the soil profile. This means that the hypothesis 
suggested for the increasing current in this experiment may not be valid (the development of large 
Eh and pH gradients would not occur in the experiments with fluid wells and this would not 
increased the resistance to current flow in the direction of the applied current). Other factors 
including the conductivity of the pore water and the cathode well fluid may be the dominant 
influence on this. 
After switching off the power to experiment #4 a voltage of 1.3 V was recorded. This was 
relatively low compared to the other experiments. It may be that the pH and Eh gradients which 
develop across the soil in the tank were not as great in this experiment as with the others. Also the 
Meredith soil is not as conductive as the Canadian Creek soil although this did not seem to make 
much difference with the plain electrokinetic experiments. Voltages at the end of both the plain 
electrokinetic experiments were similar. 
5.3.3 Temperature 
The ambient temperature had an effect on the current flow through the soil profile. 
Temperature data was only collected for experiment #4. This showed that there was a relationship 
between current flow and temperature although the correlation was poor after two weeks of 
electrokinetic treatment of the soil. Over the first two weeks of the experiment correlation 
coefficients were 0.99 and 0.9. After this time other factors must have had a more significant 
influence on the current flow (such as redox and pH gradients and the conductivity of the pore 
water and well fluid).  
5.3.4 pH 
During all the electrokinetic experiments conducted pH gradients developed. This is typical 
of electrokinetic soil treatment. Alkaline conditions develop at the cathodes and acid conditions 
develop at the anodes. The acid front is more mobile and it extends into the soil profile more than 
the alkaline front. This is due to the relative mobility of hydroxyl and hydrogen ions, the tendency 
of the electroosmotic flow to proceed from the anodes to the cathodes and the formation of 
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insoluble hydroxides which prevent the alkaline front from extending any great distance across 
the soil profile.  
The pH values in experiment #1 did not change significantly across most of the soil profile. 
Soil in the tank from 20 cm to 57.5 cm from the anodes did not show any significant change in 
pH over the duration of the experiment. This showed that the soil has significant buffering 
capacity.  
In experiment #2 the pattern of pH change was very similar to the first experiment. There is 
considerable buffering capacity in this soil as well. The pH changes have not been as great as they 
were with the Canadian Creek soil. This may be partly due to the smaller current flow through the 
Meredith soil which means that not as much acid and alkali are produced from electrolysis at the 
electrodes. 
The pH measured in CaCl2 was lower or equal to the pH in water. The pH difference varied 
from 0 to 0.64 pH units in experiment #1. Around pH values of 2.4, 7 and 12 the pH differences 
are minimal (see figure 4.5.6). This may in part be due to the buffering of the soil water solution 
by bicarbonate and phosphate buffer systems. The pKa values for phosphate are 2.15, 7.21 and 
12.67 and for bicarbonate are 6.35 and 10.33. This means that a solution containing phosphate 
and bicarbonate will buffer quite well around 2, 7 and 11-12. The greatest pH differences were at 
pH values of 4.2 and 9. 
In experiment #2 the pH differences were between 0.27 and 1.04 points lower in CaCl2 
compared to those measured in water. The pH differences appear to be lower at pH values around 
3 and 7 although the differences are not as marked as they were in experiment #1. This could be 
due to the soil buffer systems acting as suggested for experiment #1.  
Attempts at buffering the well fluid with bicarbonate and phosphate were largely 
unsuccessful in the experiments with fluid wells. The concentration of buffer solution required to 
successfully buffer the well fluid was thought to be excessive in that it would introduce too much 
salt into the soil as well as consuming a large amount of buffer. Instead the well fluid was 
neutralised each day and this was largely successful in preventing a large pH gradient from 
developing across the soil profile. A decrease in pH did occur out to 12.5 cm from the anodes in 
these fluid well experiments but not to the degree that it did in the plain electrokinetic 
experiments. If electrokinetic soil processing is to be used in the field then this approach of 
limiting the development of a pH gradient would probably be successful. This could be easily 
automated with pH meters, a small microprocessor and acid or base dispensers. With constant pH 
neutralisation the pH changes would be minimal. 
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The pH of the central well fluid in experiments #3 and #4 did not vary significantly. In 
experiment #3 the greatest pH change was a decrease of approximately 1 pH unit at the anode end 
of the tank (12.5 cm position). This could be expected as the acid front is usually quite mobile 
and advances across the soil profile towards the cathodes. It is interesting that the greatest change 
in pH (approximately 1 pH unit increase) in experiment #4 in these fluid wells occurred at the 
cathode end of the tank (57.5 cm position) and not at the anode end of the tank. The 
electroosmotic flow and relative mobility of hydrogen and hydroxide ions tend to lead to the 
opposite happening. In this case the difference may have been due to more effective buffering and 
neutralisation of the anode well fluid compared to the cathode well fluid.  
During experiment #4, the amount the pH rose each day in the cathode well fluid declined. 
At the beginning of the experiment it would rise to approximately 12.5 and at the end of the 
experiment to approximately 11.4 over one day (see A6). This small difference is attributable to 
the increasing concentration of salts (phosphates) in the cathode well fluid (see A7). This has 
helped in buffering against the pH change. In experiment #3 there was also a relationship between 
the daily pH change in the cathode well fluid and the EC of the well fluid (see A4 and A5). The 
higher the EC, the lower the daily variation in cathode well fluid pH.  
The soil pH in experiments #3 and #4 showed relatively small variations (see figures 4.7.5 
and 4.8.9). The most significant change was at the 5 cm position (near the anodes) where the pH 
fell to 3.8 in experiment #3 and to 5.0 in experiment #4 after 42 days. Despite the large daily 
variations in pH at the electrode fluid wells, the regular neutralisation of the fluid within these 
wells seems to have prevented large pH changes occurring across the rest of the soil in the tank. 
The soil pH in these experiments remained relatively stable compared to the plain electrokinetic 
experiments conducted. 
5.3.5 Electrical Conductivity 
Changes in the electrical conductivity (EC) of the soil occurred during the electrokinetic 
experiments. EC values were larger around the electrodes than across the rest of the soil profile. 
At the anodes this was due to the acid production and the low pH which developed. At the 
cathodes the increasing EC was due to the alkali production and the accumulation of mobile 
cations from the rest of the soil profile. With the plain electrokinetic experiments, outside the 
cathode and anode regions the EC values declined significantly across more than half of the soil 
profile. Conductive major cations were depleted from this region. In the electrokinetic 
experiments with fluid wells there were variations in EC values across the middle of the 
  
132
experimental tanks. EC values did not decline significantly in these experiments due to the 
addition of soluble salts as buffering and neutralising agents.  
In experiments #1 and #2 the lowest EC values were recorded from the 12.5 cm position at 
the end of the experiment. The low conductivity at the 12.5 cm position corresponded to the 
largest voltage drop and to low levels of water extractable cations found there. In this part of the 
tank the amount of water extractable potassium, calcium, magnesium, iron and aluminium were 
all very low. These cations have been moved to other parts of the tank by electromigration and 
electroosmosis. Given the voltage gradient developed there these two processes can rapidly 
deplete the area of water and ions in solution. 
The EC data from experiment #3 showed considerable variation across the soil profile with 
time. This was thought to be due to the addition of relatively large amounts of sodium from the 
sodium bicarbonate added to the anode fluid wells, over the first 18 days of the experiment. It is 
hypothesised that this sodium, being soluble and mobile, was moved across the tank towards the 
cathodes causing most of the changes in EC. As a wave of sodium was moved across the tank the 
EC is initially increased but then reduced as the sodium was moved further and depleted from a 
particular area. At the cathode end of the tank the EC continued to rise as the experiment 
progressed and more cations accumulated there.  
In experiment #4 the soil EC rose and then declined near the anodes. Near the cathodes the 
EC values progressively rose as the experiments proceeded. The initial rises in EC near the 
anodes can be attributed to the addition of the sodium bicarbonate/ortho-phosphate buffer which 
was added to the anode wells. The reason for the significant decline in EC from day 14 onwards, 
at the 5 cm position, is not known. In part this might be due to the movement of cations away 
from the anode towards the cathode. The EC probably increased near the cathodes due to the 
accumulation of cations and the addition of phosphate. This is also consistent with the increasing 
EC values obtained from the cathode well fluid. 
The EC data obtained from the electrode fluid wells in experiments #3 and #4 showed 
considerable variation (see A5 and A7). When new buffer solution was added to the anode fluid 
wells the EC values were relatively large (from 12 – 15 mS/cm). As time elapsed after adding 
buffer to the anode wells, the EC values of the anode well fluid declined. This influenced the 
buffering capacity of the fluid in those wells. Higher EC values corresponded to higher buffering 
capacity of the fluid in those wells (see A6).  
EC values from the cathode fluid wells varied daily. As the pH was adjusted to neutral the 
EC values declined. In general, the EC of the cathode well fluid in experiment #4 increased as the 
experiment progressed. In experiment #3 however the EC of the cathode well fluid peaked from 
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day 7 to day 21. This was probably due to the addition of large amounts of salt (potassium 
dihydrogen orthophosphate) which was initially added to the cathode wells to adjust the pH. 
Increasing EC values here corresponded to an increased buffering capacity of the cathode well 
fluid. 
5.3.6 Electroosmosis 
Electroosmosis occurred in all the electrokinetic experiments conducted. The direction of 
flow was always towards the cathodes. This is typical of electrokinetics in soils as the soil 
particles usually carry a net negative surface charge.  
Certain zones of soil during the plain electrokinetic experiments dried out more than other 
areas in the experimental tanks. This was thought to be due to changes in zeta potential associated 
with changes in pH. As the pH declines the soil particles become more positive and the potential 
across the diffuse double layer is reduced or may even be reversed. This in turn affects the local 
electroosmotic flow by reducing or perhaps even reversing it. A dry zone develops as the water is 
drawn into other regions of the soil profile. Water extractable ions are also depleted from this 
zone. The high voltage gradient which then occurs across this zone, because it is drier and less 
conductive, can also exacerbate the situation because there is a greater potential difference 
available to move water and ions through this zone. Large voltage gradients, and low soil EC 
values developed 5 to 20 cm from the anodes during these experiments. 
The drying out and consolidation of part of the soil profile is typically found to occur during 
electrokinetic soil processing. It can be difficult to control and can lead to excessive cracking and 
the development of large localised voltage gradients. This can cause electrokinetic soil processing 
to become very inefficient and should be avoided if it is not the specific aim of the soil treatment. 
The experiments with fluid wells showed that it is possible to maintain soil moisture and to 
prevent drying and consolidation of the soil profile by adding sufficient water and maintaining 
constant fluid levels in the electrode wells. 
During experiment #3 on day 9, it was noticed that the electroosmotic flow to the cathodes 
had ceased. It stopped for approximately three weeks. This was attributed to the excessive amount 
of salt added to the fluid wells, largely from the addition of sodium bicarbonate. The addition of 
significant amounts of soluble cations to the system could suppress the diffuse double layer as 
well as allow more current to flow through the pore solution, which leads to a decrease in 
electroosmotic flow. 
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The anode end of the tank was wetter than the rest of the tank throughout experiment #3. 
This was in contrast to the plain electrokinetic experiments in which the wettest part of the tank 
was the cathode end due to the electroosmotic flow of water to that end of the tank. 
5.3.7 Redox Potential 
During the electrokinetic experiments redox potential gradients developed. Oxidation 
products accumulate around the anodes and reduction products accumulate around the cathodes.  
In experiment #1 the redox potential increased considerably at the anodes and out to a 
position 12.5 cm from the anodes. It decreased immediately around the cathodes. The decrease in 
Eh only extended out 5 cm from the cathodes. During experiment #2 the redox potentials 
increased across most of the soil profile and they only decreased immediately around the 
cathodes. This is probably due to two interacting phenomena. Firstly, the electroosmotic flow of 
water is from the anode to the cathode. This means that material from around the anode moves 
further out into the tank from the anode than does material from around the cathode. This trend is 
similar to the pH changes observed and these two factors are also related. As more of the soil in 
the tank ends up at a lower pH than it started, rather than a higher pH which only develops around 
the cathode, the Eh values tend to increase. This trend of an associated increase in Eh with a 
decrease in pH has been found with many of the experiments conducted on these soils. 
The Eh data from experiment #3 showed that the redox potential was increasing near the 
anodes and falling across the rest of the soil profile. This is similar to the plain electrokinetic 
experiments in that the Eh is high at the anodes and low at the cathodes however the trend of 
declining Eh throughout the rest of the tank is different. This could be due to the long term 
saturation of the soil in the tank and an associated fall in Eh. 
The development of these redox gradients was not as pronounced as the pH gradients 
however changes in the redox status across the soil profile could have a significant influence on 
the speciation of other elements in the soil. In terms of arsenic this can be very important as redox 
status is an important factor in determining the mobility and charge of an arsenic species. It can 
also affect the current flow through the soil profile by increasing the resistance to current flow in 
the direction of the applied current. This was shown by the development of a voltage across the 
electrodes in all the experiments which were conducted (a voltage was recorded after the power 
supply was switched off). 
In experiment #4 there was a small increase in Eh noticeable at the anode end of the tank 
when compared to the cathode end (approximately 50 mV). As a comparison the Eh values at the 
end of experiment #2 differed by approximately 300 mV between the anode and cathode ends of 
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the tank. In this experiment the difference in Eh between the cathode and anode well fluid on day 
42 was over 600 mV (see figure 4.8.7). The observation that the soil Eh did not vary much in this 
experiment is probably due to the buffering and neutralisation of the fluid wells combined with 
the inherent buffering capacity of the soil.  
In plotting the Eh/pH values for the soil samples taken from the electrokinetic experiments 
the points usually plotted above the theoretical arsenic(III) to arsenic(V) boundary, indicating that 
the most likely species of arsenic to be occurring are arsenic(V) species. See figures 4.5.9 
(experiment #1) and 4.6.10 (experiment #2) for the results. In experiment #3 (see figure 4.7.9) all 
the Eh/pH values plotted above the theoretical arsenic(III) to arsenic(V) boundary except two. 
These two points plotted were from samples from the 5 cm position (near the anodes) and had 
low pH values. These two points were however still near the theoretical arsenic(III) to arsenic(V) 
boundary line. In experiment #4 most of the Eh/pH values plotted around the pH=7, Eh=200 mV 
point. There were three points which plotted away from this cluster which were close to the 
theoretical arsenic(III) to arsenic(V) boundary. These were soil samples from the 5 cm position 
which had low pH values (from 3.84 to 4.97). Arsenic, under these conditions, could be in either 
the +3 or +5 oxidation states. If it were in the reduced +3 state it would very likely be protonated 
and neutral and if mobile it would be likely to move towards the cathodes.  
Eh data from the fluid wells in experiments #3 and #4 showed high Eh values at the anodes 
and low Eh values at the cathodes (see figures 4.7.8 and 4.8.7). In a plot of Eh versus pH values 
from experiment #4 (see figure 4.8.8) the points from the anode and central well fluid plotted 
above the theoretical arsenic(III) to arsenic(V) boundary and the fluid from the cathode wells 
mainly plotted below the theoretical arsenic(III) to arsenic(V) boundary (see figure 4.8.8). The 
implications of this are that if any arsenic was moved to the cathode wells (as a neutral or 
positively charged complex) it is likely that it would be transformed to arsenic(III) species and 
become a negatively charged mobile form of arsenic. These effects may be hindering the removal 
of arsenic from the soil because a negatively charged molecule will be attracted back towards the 
anode end of the tank. If negatively charged arsenates are moved towards the anodes they may 
also be converted into arsenites which are predominantly neutral compounds at pH values below 
9. The arsenites would then move with the electroosmotic flow which is usually towards the 
cathodes. If the arsenic occurs as arsenate near the anodes then it is still likely to be protonated 
and become neutral in which case it would be moved back towards the cathodes as well. 
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5.3.8 Water Extractable Cations and Arsenic 
Water extractable cations and arsenic were measured before and after the four main 
electrokinetic experiments. The major cations (Na, K, Ca & Mg) were all moved towards the 
cathodes (see figures 4.9.1 and 4.9.2). In the plain electrokinetic experiments most of the sodium, 
potassium and calcium was concentrated around the cathodes. Magnesium levels ended up being 
greatest towards the cathode end of the soil profile but not directly around the cathodes. This was 
thought to be due to the precipitation of magnesium at high pH.  
In the electrokinetic experiments with fluid wells the trend of major cation movement was 
similar in that they were concentrated towards the cathodes. However the levels of water 
extractable cations were much larger across the whole soil profile in comparison to the plain 
electrokinetic experiments. This was due to the addition of the buffering and neutralising 
solutions. The regular addition of these solutions to the cathode and anode wells meant that areas 
to the soil profile could not become as depleted in major cations as they had been with the plain 
electrokinetic experiments. 
Water extractable aluminium was concentrated towards the cathodes in three of the main 
electrokinetic experiments. This is consistent with aluminium occurring as a cation. Results from 
experiment #4 showed no trend in water extractable aluminium concentrations.  
Results for water extractable iron from the four main electrokinetic experiments were quite 
different (see figure 4.9.6). Iron concentrations peaked at the 57.5 cm position for three of the 
experiments. This may have been due to soluble iron moving towards the cathodes and then 
precipitating out of solution as iron hydroxides. These hydroxides would not have been very 
soluble in the 20:1 soil:water solutions. It is not known why the other peaks in iron occurred at a 
position 0 to 5 cm from the anodes in experiment #1. This may have been related to the low pH 
developed there but similar results were not found from the soil in experiment #2. Experiment #4 
gave different results from the other three. There was a peak in water extractable iron found at a 
position 20 cm from the anodes in this experiment. It is not known why this occurred. 
Water extractable manganese was found at highest levels around the anodes in three of the 
electrokinetic experiments. This is probably due to the increased solubility of manganese under 
low pH conditions. Again results from experiment #4 were different. The reasons for the 
differences between experiment #4 and the other three main electrokinetic experiments are 
unclear.  
Results from the analysis of arsenic from the water extracts were variable. However, the 
major trend discernable was that the arsenic was more mobile (in greater concentrations in the 
water extracts) from the experiments with the fluid wells compared to the plain electrokinetic 
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experiments. This could be attributed to the addition of phosphate which can compete with 
arsenic for sorption sites in soils (Smith et al., 2002). 
5.3.9 Exchangeable Cations 
The cation exchange capacity of the two main soils studied was measured before and after 
the plain electrokinetic experiments. Results showed that the cation exchange capacity was 
affected by electrokinetic processing. The changes in pH had the largest influence on this. At the 
anode end of the soil profile where the pH was low, the CEC was reduced significantly. Most of 
the exchange capacity there was taken up by aluminium. At a position 20 cm from the anodes the 
pH and CEC were approximately the same as the initial values, however, the composition of the 
exchangeable cations had changed. Calcium made up more of the CEC and magnesium less 
compared to the initial proportions. Further towards the cathodes the proportion of magnesium 
increased and calcium decreased. At the cathode end of the soil profile where the pH was high the 
CEC was increased. Magnesium constituted a significant proportion of the CEC there. A high pH 
increased the negativity of the soil particle surfaces and there was an increase in the CEC. The 
large CEC measured at the cathode end of the electrokinetic treated soil may also have been 
caused in part by an increase in the amount of organic matter there. Soil organics have been 
shown to move towards the cathode in some of the electrokinetic experiments and they often have 
large CECs. 
The correlation between exchangeable cations and water extractable cations was varied. In 
general the correlation was strong for potassium, average for magnesium, poor for sodium and 
there was no correlation for calcium. Correlation between the water extractable sodium 
absorption ratio and the exchangeable cation ratio was strong (see figure 4.10.5), with the 
exclusion of the very acidic soil sample tested (pH=2.43). This could be expected as most of the 
cation exchange capacity is taken up by aluminium at very low pH. The correlation between the 
water extractable sodium absorption ratio and the exchangeable sodium percentage was strong 
(see figure 4.10.6). These two ratios are used to estimate soil sodicity so a strong correlation 
could be expected.  
5.3.10 Arsenic and Iron Movement 
The main aim of this research was to determine if arsenic could be effectively moved 
through these two soils using electrokinetics. It was found that little if any arsenic was able to be 
moved through these soils. In the preliminary electrokinetic experiment it was found that the soil 
was too variable to get meaningful results from the analysis of arsenic from the small samples 
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taken. Despite this, it was apparent that most of the arsenic was not able to be moved and 
concentrated around a particular electrode within the 28 days the experiment ran for.  
In experiment #1 there was an increase in the arsenic concentration (to over 600 ppm) at a 
position 5 cm from the anodes on days 2 and 28. This showed that at least some of the arsenic 
was mobile and that it was behaving as an anion. If a substance is moved towards the anodes then 
it has to be behaving as a negatively charged species for it to move towards the positive electrode 
against the net electroosmotic flow of water. At the end of this experiment there was a small 
decrease in arsenic and iron content from the soil directly around the anodes. The low pH (~2) 
developed there had probably caused the mobilisation of some of the arsenic and iron from the 
soil in this region. The movement of arsenic away from the anodes was probably due to the 
protonation of arsenate (or maybe arsenite) to form a neutral molecule which could move towards 
the cathode with the electroosmotic flow of water. Arsenic moving away from the anode could 
also be in the form of a positively charged species such as a metal arsenate complex 
(MeH2AsO4+).  
The decrease in iron concentration directly around the anodes was probably due to the 
increased desorption of iron as the pH fell around the anode. Sorption of hydrogen ions by the 
soil particles makes the particles less negative and therefore less attractive to other positive ions. 
Hydrogen ions may also be exchanged for other positive ions sorbed by a soil particle. The soil’s 
buffering capacity was quite large, and the pH remained virtually unchanged from a position 20 
cm from the anode to 57.5 cm from the anode. In this area the iron can be strongly sorbed by the 
soil. This may be why the iron appears to have accumulated at a position 20 cm from the anode.  
In experiment #2 the arsenic concentration at the end of the experiment had been reduced to 
180 ppm at the cathodes (down from 270 ppm). This observation would be consistent with the 
arsenic occurring and behaving as an anion where it is attracted towards the positive anode and 
moved away from the cathode. The mobility of the arsenic would also be increased around the 
cathode. Due to the higher pH, anion sorption is likely to be reduced (Barrow, 1999). The soil 
particles become more negative and as the arsenic is likely to be occurring as a negatively 
charged species, sorption is reduced. These factors would increase the arsenic mobility (at least in 
theory). 
In experiments #3 and #4 there were no distinct changes in total arsenic or iron contents 
across the soil profiles.  
The analysis of the fluid from the anode and cathode wells from experiment #3 gave some 
interesting, but unexpected results. In general, arsenic was found in higher levels in the anode 
fluid compared to the cathode fluid. This may have been expected as arsenic is likely to occur as 
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an oxyanion. However, from day 11 to day 21 arsenic was found at detectable levels in the 
cathode well fluid. This was during the period in which the electroosmotic flow from anodes to 
cathodes had ceased. This is interesting in that the flow of fluid from the anodes to the cathodes 
would assist any movement of neutral or positively charged species, which are in solution or 
suspension, towards the cathodes. The arsenic only accumulated in the cathode wells at a 
detectable level during a period when the electroosmotic flow was negligible. This was the 
opposite of what may have been expected.  
During experiment #3 an estimated 0.021 grams of arsenic was removed from the soil in the 
tank. The soil in the tank between the electrodes had an estimated volume of 0.023 cubic metres. 
If this experiment had continued to run with the same rate of arsenic removal from the soil then it 
would take over 63 years for the soil arsenic levels to be reduced from approximately 490 ppm to 
100 ppm. The rate of arsenic movement and removal from the soil would of course not remain the 
same if the experiment was left to run for years. It is likely that the rate of arsenic movement and 
removal would be slowed in time as the most soluble and mobile arsenic in the system was 
depleted. However, the estimate of 63 years to decrease arsenic concentrations by 390 ppm in the 
soil is significant in that it shows that this technique as it has been applied to this soil is not going 
to be useful in remediating the arsenic contamination. 
In experiment #3 there was no iron detectable in the cathode well fluid. The higher pH 
values here may have prevented any soluble iron being found here. Iron was, however, found at 
levels above 1.6 ppm in all the anode well fluid samples tested. This may have been due to the 
addition of food grade sodium bicarbonate and builder’s grade lime to the anode wells which both 
contain a small amount of iron. 
In experiment #4 none of the anode fluid well samples contained detectable levels of arsenic. 
This was different from experiment #3 in which the anode well fluid always had detectable levels 
of arsenic in it. The cathode well fluid from days 35 to 42 was the only fluid tested with 
detectable levels of arsenic. It is not known why this occurred. 
During experiment #4 there was an estimated 0.0058 grams of arsenic removed from the 
cathode wells over the last eight days. If this rate of removal had continued then it would take 
another 26 months for the arsenic levels in the soil between the electrodes to fall from an average 
of 270 ppm to 100 ppm. This is a relatively long time and may not be practical in the field. It is 
also unlikely that this rate of arsenic removal would be sustained over a long period. 
Comparatively high levels of iron were found at the start of experiment #4 in the electrode 
well fluid. The anode well fluid contained 18.3 ppm iron. It is not known why this occurred. The 
cathode well fluid contained 8.8 ppm iron on day 1 and 4.4 ppm iron on day 2. Otherwise no 
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significant concentrations of iron were found in the well fluid from this experiment (see table 
4.8.2). These results are in contrast to those from experiment #3 in which iron was found in the 
anode wells at increasing concentrations over time. The addition of sodium bicarbonate and 
builders lime may not have been directly increasing the iron content of the system to any 
significant degree as was hypothesised in the discussion of experiment #3. The Canadian Creek 
soil had a lower total iron content than did the Meredith soil, however, the iron levels in the fluid 
wells from the Canadian Creek soil experiment were much greater than those from the Meredith 
soil experiment. This may be an indication of the relative abilities of these two soils to bind and 
hold iron in an immobile form. 
The differences in arsenic behaviour in these experiments highlight a number of important 
factors. Arsenic behaviour in soil environments is complex. It can take many different forms 
which will have different degrees of mobility and carry different charges. The general effects of 
electrokinetics on soils may in fact be a hindrance to moving arsenic through the soil and 
concentrating it at one of the electrodes. At the cathodes high pH conditions develop. Under these 
conditions arsenic is likely to be occurring as a negatively charged species and would tend to be 
attracted back towards the anodes. At the anodes low pH conditions develop. Under these 
conditions arsenic is likely to be occurring as a neutral species which would tend to be 
transported in the direction of the electroosmotic flow. As the electroosmotic flow is usually from 
the anodes to the cathodes then the arsenic would be moved away from the anodes.  
The two main soils which were studied contained high amounts of iron. This was a 
significant factor in stabilising the arsenic in the soil and making it difficult to shift. The presence 
of aluminium, manganese, clay particles and organic matter may also contribute to the binding 
and immobilisation of the arsenic found in these soils. The experimental soils were collected from 
close to the surface and kept in relatively oxidising conditions. These conditions also tend to 
cause arsenic to be less mobile than otherwise might be the case. Arsenites are usually less 
strongly sorbed and more mobile than arsenates (Smith et al., 1999). The age of the soil 
contamination is also another issue to consider. The soil had been contaminated for many years in 
the field. If more mobile forms of arsenic were present, they would have had a chance to be 
leached or dispersed into the wider environment (although the mobility of arsenic can change 
rapidly and dramatically under the right circumstances). As well as this, and probably more 
importantly, there is an ageing effect of arsenic contamination of soil in which the arsenic 
becomes less readily desorbed (probably due to intraparticle diffusion and occlusion) and less 
mobile (Darland & Inskeep, 1997). All of these factors mean that mobilising significant amounts 
of arsenic from these soils is difficult without extreme changes in soil conditions. In terms of the 
  
141
environmental impact of arsenic soil contamination, this natural attenuation of the mobility and 
reduced availability of arsenic is beneficial. 
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6. CONCLUSIONS 
 
This chapter summarises the major findings from the research work undertaken and 
recommends further work in this field which could be undertaken to further the understanding of 
electrokinetic phenomena and the behaviour of arsenic in soil. 
 
6.1 Major Findings 
The leachability experiments conducted on three different soils provided some useful 
information on the potential mobility of arsenic in these soils. The amount of arsenic eluted from 
these soils differed depending on the soil tested and the leaching solution used. Phosphate 
solutions extracted high amounts of arsenic from all the soils. At higher concentrations of 
phosphate (1.0M compared to 0.1M) more arsenic was extracted. The hydrochloric acid solution 
(pH=1) eluted significant amounts of arsenic from two of the soils. The sodium hydroxide 
solution (pH=11) and the TCLP solution at pH 4.9 did not elute much arsenic compared to the 
phosphate and acid solutions. This is important as the TCLP method at pH 4.9 is recommended 
by EPA Victoria for classification of waste. Therefore, this method may be unsuitable for 
predicting the risks associated with arsenic contaminated soil under the wide range of 
environmental conditions which could be experienced. 
The electrokinetic experiments provided some useful insights into electrokinetic phenomena 
in soils. This included changes to current flows, voltage gradients, electroosmosis, temperature 
effects, electrical conductivity, pH, redox potentials, exchangeable cations, and major cation 
movement. 
The current flow in the plain electrokinetic experiments always declined relatively soon after 
electrokinetic processing of the soil began. Moisture content was an important factor in relation to 
current flow. With all the plain electrokinetic experiments the current flow increased after the 
application of water to the soil. Current flows during the electrokinetic experiments with fluid 
wells did not show such a decline, remaining much more stable over the duration of the 
experiments. If the moisture content of the soil can be maintained and the development of pH and 
Eh gradients limited, then the current flow can be maintained and the long term efficiency of 
electrokinetic soil processing improved. The ambient temperature was also thought to affect the 
current flow. Higher temperatures appeared to result in higher current flows especially during the 
first two weeks of soil processing. 
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Eh and pH gradients developed during all the electrokinetic experiments. The pH declined at 
the anode end of the soil profile and increased at the cathode end. The Eh increased at the anode 
end and decreased at the cathode end of the soil profile. In the electrokinetic experiments with 
fluid wells, with daily pH adjustment of the fluid in the electrode wells, the development of these 
gradients appears to have been reduced across the soil profile.  
Changes in electrical conductivity of the soil occurred during the electrokinetic experiments. 
In the plain electrokinetic experiments the EC values rose around the electrodes. This was due to 
acid production at the anodes and the accumulation of cations at the cathodes. The EC values fell 
across the rest of the soil profile during these experiments. In the electrokinetic experiments with 
fluid wells the EC values rose near the cathodes and declined near the anodes. The EC values 
across the middle of the soil profile in these experiments did not decline, probably due to the 
addition of salts to the system. 
Different voltage gradients developed during the plain electrokinetic experiments compared 
to the experiments with fluid wells. With the plain electrokinetic experiments the largest voltage 
gradients developed from 5 to 20 cm from the anodes. This was due to the drying, consolidation 
and cracking of the soil in this zone. This zone also ended up with the lowest electrical 
conductivity of the soil in the tanks. Changes in pH and the subsequent change in zeta potential 
and electroosmotic flow in this zone were probably responsible for this occurring. In the 
electrokinetic experiments with fluid wells the largest voltage gradient developed was near the 
cathodes. This is attributed to the higher pH there which can cause precipitation of otherwise 
soluble constituents of the soil pore water. 
Electroosmosis occurred in all the electrokinetic experiments conducted. When there was 
electroosmotic flow, the net direction was always towards the cathodes. This is due to the net 
negative surface charge carried by soil particles. In experiment #3 the electroosmotic flow ceased 
for some time and this was thought to be caused by the addition of large amounts of salt to the 
system. 
Movement of major cations occurred in the electrokinetic experiments. Water extractable 
major cations were concentrated towards the cathodes. The levels of water extractable cations in 
the experiments with fluid wells were much larger across the whole soil profile in comparison to 
the plain electrokinetic experiments. The regular addition of salts to the system in the experiments 
with fluid wells meant that the majority of the soil profile could not become as depleted of these 
ions as was the case with the plain electrokinetic experiments. 
The cation exchange capacity (CEC) of the soils changed after electrokinetic processing. 
Near the anodes the CEC was reduced as the soil was acidified. Near the cathodes the CEC was 
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increased as the pH was increased. The concentration of soil organics in this region may also 
have contributed to an increase in CEC near the cathodes. 
The main aim of this research was to determine if arsenic could be effectively moved 
through the two soils tested using electrokinetics. It was found that little if any arsenic could be 
moved through these soils using the methods applied, including the use of phosphate at economic 
and environmentally acceptable levels. In experiment #1 there was a small decrease in arsenic 
content directly around the anodes. The low pH developed there probably caused the mobilisation 
and movement of some arsenic away from the anodes as a neutral or positively charged species. 
In experiment #2 there was a small decrease in arsenic concentration directly around the 
cathodes. The arsenic here was probably desorbed at high pH and moved as a negatively charged 
molecule towards the anodes. 
The differences in arsenic behaviour in the experiments conducted highlight the variability 
and complexity of arsenic behaviour in soil. The general effects of electrokinetics may in fact be 
a hindrance to moving and concentrating arsenic at one of the electrodes. At the cathodes, high 
pH conditions develop under which arsenic is likely to become a negatively charged species and 
move towards the anodes. At the anodes the opposite occurs. The low pH developed there means 
the arsenic is more likely to become a neutral species and would tend to be moved towards the 
cathodes with the electroosmotic flow of water. 
The two main soils studied contained a relatively high amount of iron which can potentially 
bind the arsenic, rendering it immobile. The experimental soils were sourced close to the surface 
and kept under oxidising conditions. This also leads to the arsenic (as arsenic(V) species) being 
potentially less mobile than it may have been under reducing conditions (as arsenic(III) species). 
This means that a lot of the arsenic in these soils is difficult to mobilise without extreme changes 
to the soil conditions. These factors do not help the electrokinetic removal of the arsenic from the 
soil, but in terms of the potential environmental impact the arsenic can have, the natural 
attenuation of the mobility and reduced availability of the arsenic is beneficial.  
 
6.2 Further Work 
Further research needs to be conducted into the behaviour of arsenic in soil and the use of 
electrokinetics to move arsenic through soil. 
At the beginning of this research work soil samples were collected from seven different 
locations and tested for arsenic. Preliminary analysis indicated that all these soils had arsenic 
levels in excess of 100 ppm. The widespread nature of arsenic contamination and the lack of 
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knowledge as to its whereabouts and extent is an area which should be further investigated. We 
need to have a better idea of the type and extent of arsenic contamination which has occurred in 
the past so that we can deal with it more effectively in the future. 
Assessments of arsenic contaminated sites should be undertaken to further the understanding 
of the risks associated with the arsenic present. This would include the assessment of the potential 
mobility and bioavailability of the arsenic and the potential risks it poses to the environment and 
human health. 
The behaviour of arsenic in different soil types needs to be further assessed. Soil is an 
extremely variable medium and the behaviour and effects of arsenic in different soils needs to be 
better understood. This will assist in planning and implementing different control measures for 
arsenic contaminated sites. It would also give us a greater understanding of the potential effects of 
burying some arsenic contaminated materials because we have nothing better to do with them at 
present. 
Further evaluation and development of test methods to replace or augment the current 
USEPA TCLP test method for the assessment of risk associated with arsenic bearing waste 
material is required. This test may be suitable for many metals but is not suitable on is own for 
the assessment of arsenic leachability. 
Further work needs to be undertaken to develop better remediation options for arsenic 
contaminated sites. This could encompass a large range of techniques including in situ 
stabilisation and methods of removing arsenic from soil. A range of methods will be needed to 
deal with different types of arsenic contamination in different soils at a variety of locations. 
Claims that arsenic soil contamination can be effectively treated, or the arsenic moved 
through the soil using electrokinetics, need to be further investigated. Different types of soils 
should be assessed to determine if electrokinetic methods could be suitable for some soil types 
and not others. If arsenic is to be moved through soil using electrokinetics, then the complicating 
factors of pH and Eh changes which occur need to be considered. Additives to the soil in general 
or just around the electrodes may be needed so that arsenic can be moved, concentrated and 
extracted using electrokinetics. Investigation of the speciation and behaviour of arsenic under an 
electric field would assist with this. 
A great range of further research work could be done in the field of arsenic soil 
contamination and electrokinetics. This includes the assessment of arsenic soil contamination, the 
behaviour of arsenic in soil and the development of safe and efficient remediation and control 
measures.  
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APPENDICES 
 
A1 – Particle Size Distribution 
 
Particle Size Distribution - Canadian Creek Soil
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Particle Size Distribution - Meredith Dip Site Soil
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A2 – Leachability Results 
LEACHABILITY 
RESULTS 
initial 
pH 
final 
pH ∆ pH
initial 
Eh 
final 
Eh ∆ Eh As Fe 
extracted 
As 
extracted 
Fe 
elutiable 
As 
Canadian Creek Soil    mV mV mV ppm ppm % % g/m3 
Water, Milli-Q 7.00 8.62 1.62 238 214 -24 * 1.0 * 0.1 * 
60/40% H2SO4/HNO3, 
pH=4.2, (SPLP) 4.20 8.61 4.41 384 168 -216 * 0.7 * 0.1 * 
Acetic Acid, pH=2.83 
(TCLP#2) 2.83 3.96 1.13 330 280 -50 * 12.1 * 1.2 * 
Acetic Acid / NaOH, 
pH=4.9, (TCLP#1) 4.90 4.98 0.08 340 203 -137 * 3.2 * 0.3 * 
0.25M Sodium 
Thiosulphate 6.28 8.93 2.65 149 130 -19 * 0.5 * 0.1 * 
0.1M Thiourea 5.66 8.72 3.06 33 5 -28 * 1.2 * 0.1 * 
0.1M Phosphate, 
K2HPO4/KH2PO4 6.80 6.83 0.03 290 150 -140 3.7 0.5 15.4 0.1 118.4 
1.0M Phosphate, 
K2HPO4/KH2PO4 6.70 6.77 0.07 305 198 -107 9.0 1.6 37.5 0.2 288 
NaOH, pH=11.0 11.00 9.36 -1.64 -45 49 94 * 0.5 * 0.1 * 
HCl, pH=1.0 1.00 1.15 0.15 450 523 73 * 74.0 * 7.4 * 
Meredith Dip Site Soil            
Water, Milli-Q 7.00 6.59 -0.41 238 214 -24 * 1.8 * 0.1 * 
60/40% H2SO4/HNO3, 
pH=4.2, (SPLP) 4.20 6.54 2.34 384 # # * 1.2 * 0.1 * 
Acetic Acid, pH=2.83, 
(TCLP#2) 2.83 3.41 0.58 330 # # * 0.9 * 0.1 * 
Acetic Acid / NaOH, 
pH=4.9, (TCLP#1) 4.90 4.88 -0.02 340 # # * 1.4 * 0.1 * 
0.25M Sodium 
Thiosulphate 6.28 8.20 1.92 149 # # * 2.9 * 0.2 * 
0.1M Thiourea 5.66 6.50 0.84 33 # # * 8.2 * 0.6 * 
0.1M Phosphate, 
K2HPO4/KH2PO4 6.80 6.64 -0.16 290 # # 1.5 0.7 11.5 0.0 42.6 
1.0M Phosphate, 
K2HPO4/KH2PO4 6.70 6.77 0.07 305 # # 3.0 2.0 23.1 0.1 85.2 
NaOH, pH=11.0 11.00 6.86 -4.14 -45 # # * 1.3 * 0.1 * 
HCl. pH=1.0 1.00 1.10 0.10 450 549 99 2.0 39.8 15.4 2.7 56.8 
Maldon Gold Tailings            
Water, Milli-Q 7.00 8.90 1.90 238 85 -153 2.3 3.0 3.3 0.3 69 
60/40% H2SO4/HNO3, 
pH=4.2, (SPLP) 4.20 8.87 4.67 384 # # 2.4 2.7 3.4 0.2 72 
Acetic Acid, pH=2.83, 
(TCLP#2) 2.83 3.57 0.74 330 # # * 0.1 * 0.0 * 
Acetic Acid / NaOH, 
pH=4.9, (TCLP#1) 4.90 4.92 0.02 340 # # 1.5 0.3 2.1 0.0 45 
0.25M Sodium 
Thiosulphate 6.28 9.04 2.76 149 42 -107 * 0.3 * 0.0 * 
0.1M Thiourea 5.66 8.76 3.10 33 5 -28 2.8 5.2 4.0 0.4 84 
0.1M Phosphate, 
K2HPO4/KH2PO4 6.80 6.75 -0.05 290 # # 7.3 0.6 10.4 0.1 219 
1.0M Phosphate, 
K2HPO4/KH2PO4 6.70 6.77 0.07 305 # # 9.8 1.3 14.0 0.1 294 
NaOH, pH=11.0 11.00 9.75 -1.25 -45 120 165 2.9 2.7 4.1 0.2 87 
HCl, pH=1.0 1.00 1.17 0.17 450 495 45 24.7 114 35.3 9.5 741 
 # = no results recorded,  * = below detection limit for arsenic of 1.5 ppm. 
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A3 – Loss on Ignition 
 
 
 
 
 
 
 
 
LOSS ON IGNITION 
loss from 
air dry to 
105 C 
loss from 
105 C  to 
150 C 
loss from 
105 C  to 
550 C 
loss from 
105 C  to 
850 C 
Organic 
Carbon 
Estimate 
   
Canadian Creek Soil 0.94% 0.28% 4.27% 5.39% 4.0% 
      
Meredith Dip Site Soil 0.33% 0.36% 5.78% 6.28% 5.4% 
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A4 – Fluid Well pH, Experiment #3 
pH, Canadian Creek Soil, Electrokinetic Experiment #3 
 Position - Distance from anodes (cm) 
Time 0 (mean) 12.5 35 57.5 70 (mean)
T 0 7.57 7.92 7.77 8 7.92 
T 1 6.33 8.3 7.75 8.23 12.4 
T 1'     7.08 
T 2 2.52 7.94 7.59 8.32 12.61 
T 2' 7.8    7.08 
T 3 6.81 7.7 7.78 8.08 12.57 
T 3' 6.81    6.71 
T 4 6.56 7.88 7.83 7.59 12.44 
T 4' 6.81    6.73 
T 5 6.22 7.44 7.42 7.72 12.12 
T 5' 6.76    6.88 
T 6 5.95 7.66 7.73 7.84 11.99 
T 6' 7.8    6.97 
T 7 6.11 7.62 7.58 7.84 11.87 
T 7' 7.59    7.01 
T 8 4.48 7.59 7.78 dry 11.94 
T 8' 6.99    6.82 
T 9 6.71 7.8 7.75 dry 9.27 
T 9' 7.04    6.97 
T 10 6.46 8.09 7.85 dry 10.7 
T 10' 7.85    6.89 
T 11 6.2 7.74 7.92 dry 9.96 
T 11' 6.93    6.98 
T 12 6.58 7.93 7.91 dry 8.68 
T 12' 7.03    6.98 
T 13 6.55 8.12 7.95 dry 8.68 
T 13' 7.03    6.95 
T 14 5.98 8.29 8.01 dry 8.48 
T 14' 7.88    9.27 
T 15 6.62 dry dry dry 12.22 
T 15' 7.02    6.76 
T 16 6.34 dry dry dry 11.44 
T 16' 7.01    6.77 
T 17 6.66 dry dry dry 11.09 
T 17' 7.08    6.98 
T 18 6.65 dry dry dry 11.85 
T 18' 7.07    6.95 
T 19 5.56 dry dry dry 11.39 
T 19' 7.36    6.98 
T 20 1.76 dry dry dry 11.49 
T 20' 7.09    6.99 
T 21 1.65 dry dry dry 11.44 
T 21' 7.66    7.09 
T 22 6.29 dry dry dry 12.72 
T 22' 6.9    6.83 
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T 23 2.84 dry dry dry 11.7 
T 23' 7.21    7.02 
T 24 4.92 dry dry dry 11.79 
T 24' 7.12    7.01 
T 25 3.39 dry dry dry 11.65 
T 25' 7.03    7.02 
T 26 1.68 dry dry dry 11.63 
T 26' 7.14    7 
T 27 1.55 dry dry dry 11.76 
T 27' 6.96    6.99 
T 28 1.56 dry dry dry 11.89 
T 28' 7.75    6.96 
T 29 6.12 dry dry dry 12.4 
T 29' 7.03    6.94 
T 30 2.3 dry dry dry 12.52 
T 30' 7.02    6.97 
T 31 2 8.21 dry 8.38 12.53 
T 31' 7.09    6.68 
T 32 1.77 7.96 dry dry 12.39 
T 32' 7.2    6.91 
T 33 1.62 7.74 dry dry 12.41 
T 33' 7.24    6.97 
T 34 1.83 7.64 dry dry 12.37 
T 34' 7.53    6.94 
T 35 1.77 dry dry dry 12.32 
T 35' 7.94    7.16 
T 36 2.43 dry dry dry 12.59 
T 36' 7.11    6.91 
T 37 2.81 dry dry dry 12.65 
T 37' 7.72    6.93 
T 38 3.28 dry dry dry 12.63 
T 38' 7.78    6.97 
T 39 2.8 dry dry dry 12.37 
T 39' 7.37    6.98 
T 40 3.12 dry dry dry 12.43 
T 40' 7.05    6.99 
T 41 2.19 7.05 dry dry 12.32 
T 41' 7.13    6.99 
T 42 1.71 7.17 dry dry 12.4 
  dry = central fluid monitoring well was dry 
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A5 – Fluid Well EC, Experiment #3 
EC, Canadian Creek Soil, Electrokinetic Experiment #3 
 Position - Distance from anodes (cm) 
Time 0 (mean) 12.5 35 57.5 70 (mean)
T 0 0 0 0 0 0 
T 1 4.02 0.28 2.33 0.54 2.61 
T 1'     2.76 
T 2 2.78 0.25 2.95 0.25 5.33 
T 2'      
T 3 8.67 0.21 3.16 0.2 7.98 
T 3'      
T 4 6.6 0.24 3.47 1.1 11.73 
T 4'      
T 5 5.8 0.41 4.65 0.68 14.58 
T 5' 11    19 
T 6 5.49 1.02 4.93 0.84 16.83 
T 6'     19.5 
T 7 4.91 1.23 5.08 0.9 + 
T 7' 11.45    + 
T 8 4.13 1.55 5.23 dry + 
T 8' 15.27    + 
T 9 9.95 1.74 5.42 dry + 
T 9' 13.55    + 
T 10 7.95 2.33 5.67 dry + 
T 10' 14.35    + 
T 11 4.87 2.82 5.36 dry + 
T 11' 12.92    + 
T 12 8.03 3.09 5.39 dry + 
T 12' 14.78    + 
T 13 7.42 3.35 5.28 dry + 
T 13' 12.9    + 
T 14 7.43 3.84 5.54 dry + 
T 14' 14    + 
T 15 7.06 dry dry dry + 
T 15' 12.72    + 
T 16 6.23 dry dry dry + 
T 16' 14.19    + 
T 17 8.21 dry dry dry + 
T 17' 14.86    + 
T 18 8.58 dry dry dry + 
T 18' 8.9    + 
T 19 5.14 dry dry dry + 
T 19' 4.98    + 
T 20 8.71 dry dry dry + 
T 20' 4.99    + 
T 21 10.15 dry dry dry + 
T 21' 12.81    6.47 
T 22 5.51 dry dry dry 15.58 
T 22' 5.65    14.21 
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T 23 4.16 dry dry dry + 
T 23' 2.92    16.06 
T 24 4.38 dry dry dry 19.53 
T 24' 3.08    17.48 
T 25 5.83 dry dry dry 19.39 
T 25' 3.47    17.75 
T 26 9.23 dry dry dry 18.83 
T 26' 3.51    17.76 
T 27 10.4 dry dry dry (22.66) 
T 27' 3.69    18.46 
T 28 10.97 dry dry dry + 
T 28' 13.44    3.82 
T 29 5.7 dry dry dry 10.9 
T 29' 9.11    6.97 
T 30 5.63 dry dry dry 12.35 
T 30' 2.95    8.59 
T 31 7.83 10.93 dry 2.84 12.93 
T 31' 3.81    9.03 
T 32 9.42 10.12 dry dry 13.15 
T 32' 4.36    9.71 
T 33 9.88 9.64 dry dry 13.67 
T 33' 4.15    10.59 
T 34 8.04 8.62 dry dry 13.84 
T 34' 4.27    11.34 
T 35 8.94 dry dry dry 14.21 
T 35' 12.81    2.01 
T 36 6 dry dry dry 12.57 
T 36' 4.46    6.06 
T 37 5.65 dry dry dry 13.4 
T 37' 3.31    7.9 
T 38 4.56 dry dry dry 12.71 
T 38' 3.35    9.02 
T 39 5.67 dry dry dry 12.27 
T 39' 3.67    9.7 
T 40 5.85 dry dry dry 12.47 
T 40' 3.84    9.97 
T 41 6.72 4.39 dry dry 12.92 
T 41' 3.9    9.17 
T 42 8.09 4.27 dry dry 14.18 
  dry = central fluid monitoring well was dry 
  + = over 20 mS/cm 
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A6 – Fluid Well pH, Experiment #4 
 
pH, Meredith Dip Site Soil, Electrokinetic Experiment #4 
 Position - Distance from anodes (cm) 
Time 0 (mean) 12.5 35 57.5 70 (mean)
T 0 6.91 6.56 6.58 6.45 6.74 
T 0' 8.37     
T 1 5.46 6.72 6.56 6.53 12.45 
T 1' 7.01    6.39 
T 2 6.05 6.7 6.57 6.63 12.21 
T 2' 8.44    6.68 
T 3 6.14 6.6 6.44 6.76 12.25 
T 3' 7.04    6.75 
T 4 5.85 6.55 6.41 6.77 12.22 
T 4' 10.38    6.88 
T 5 4.78 6.58 6.43 6.72 12.32 
T 5' 7.86    6.7 
T 6 4.13 6.63 6.64 7.07 12.24 
T 6' 8.21    6.81 
T 7 6.48 6.68 6.87 dry 12.29 
T 7' 7.01    6.79 
T 8 6.05 dry dry dry 12.37 
T 8' 7.05    6.81 
T 9 5.57 7.13 7.36 dry 12.38 
T 9' 7.93    6.87 
T 10 5.08 6.6 6.88 7.44 12.12 
T 10' 8.34    6.9 
T 11 6.63 6.7 7.14 7.63 12.24 
T 11' 7    6.83 
T 12 6.23 dry dry dry 12.17 
T 12' 6.99    6.92 
T 13 6.12 dry dry dry 12.24 
T 13' 9.61    6.78 
T 14 6.13 dry dry dry 12.15 
T 14' 8.29    6.93 
T 15 6.68 dry dry dry 12.25 
T 15' 6.98    6.93 
T 16 6.1 dry dry dry 12.21 
T 16' 7.04    6.92 
T 17 6.22 dry dry dry 12.26 
T 17' 8.36    6.97 
T 18 5.98 dry dry dry 12.17 
T 18' 8.48    6.98 
T 19 5.86 dry dry dry 12.13 
T 19' 7.43    6.95 
T 20 5.55 dry dry dry 12.2 
T 20' 7.21    6.88 
T 21 5.56 dry dry dry 12.12 
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T 21' 8.37    6.91 
T 22 6.53 dry dry dry 12.13 
T 22' 7.03    6.87 
T 23 6.47 dry dry dry 12.14 
T 23' 7.02    6.92 
T 24 5.79 dry dry dry 12.08 
T 24' 7.52    6.93 
T 25 5.64 dry dry dry 12.01 
T 25' 7.12    6.89 
T 26 5.33 dry dry dry 12.03 
T 26' 7.97    6.9 
T 27 5.45 dry dry dry 11.75 
T 27' 8.3    6.75 
T 28 5.61 dry dry dry 11.89 
T 28' 8.26    6.84 
T 29 6.66 dry dry dry 12.08 
T 29' 7.01    6.89 
T 30 5.78 dry dry dry 12.12 
T 30' 6.96    6.98 
T 31 6.13 dry dry dry 12.02 
T 31' 8.55    6.95 
T 32 5.84 dry dry dry 11.85 
T 32' 7.03    6.99 
T 33 5.7 dry dry dry 12.01 
T 33' 7.02    7.03 
T 34 5.52 dry dry dry 11.86 
T 34' 7.05    6.98 
T 35 4.84 dry dry dry 11.73 
T 35' 8.32    6.82 
T 36 6.71 dry dry dry 11.82 
T 36' 7    6.99 
T 37 6.01 dry dry dry 11.84 
T 37' 6.96    6.91 
T 38 6.17 dry dry dry 11.65 
T 38' 7.37    6.91 
T 39 5.58 dry dry dry 11.69 
T 39' 7.15    6.95 
T 40 5.74 dry dry dry 11.62 
T 40' 8.24    6.88 
T 41 5.51 dry dry dry 11.59 
T 41' 9.02    6.95 
T 42 5.41 dry dry dry 11.44 
  dry = central fluid monitoring well was dry 
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A7 – Fluid Well EC, Experiment #4 
EC, Meredith Dip Site Soil, Electrokinetic Experiment #4 
 Position - Distance from anodes (cm) 
Time 0 (mean) 12.5 35 57.5 70 (mean)
T 0 0.12 0.38 0.46 0.51 0.09 
T 0' 11.95     
T 1 2.11 0.93 0.67 0.76 3.28 
T 1' 2.5    1.43 
T 2 1.42 1.24 1.1 1.4 3.54 
T 2' 12.13    1.9 
T 3 3.27 1.73 1.54 1.74 4.21 
T 3' 2.8    2.25 
T 4 1.42 2.2 1.84 1.65 4.34 
T 4' 1.89    2.52 
T 5 1.9 2.5 2.03 1.46 4.76 
T 5' 1.78    2.7 
T 6 2.81 2.96 2.42 1.63 4.66 
T 6' 12.64    2.91 
T 7 4.66 3.29 2.81 dry 5.16 
T 7' 4.94    3.09 
T 8 1.87 dry dry dry 5.14 
T 8' 1.99    3.32 
T 9 1.72 3.26 2.5 dry 4.99 
T 9' 1.72    3.51 
T 10 1.81 3.23 2.2 0.95 4.87 
T 10' 14.51    3.53 
T 11 5.32 3.59 2.17 1.31 5.19 
T 11' 5.55    3.56 
T 12 2.73 dry dry dry 5.28 
T 12' 2.85    3.61 
T 13 2.73 dry dry dry 5.47 
T 13' 1.66    3.75 
T 14 2.17 dry dry dry 5.39 
T 14' 14.61    3.99 
T 15 5.81 dry dry dry 5.53 
T 15' 5.9    4.15 
T 16 2.15 dry dry dry 5.89 
T 16' 2.34    4.4 
T 17 1.96 dry dry dry 6.28 
T 17' 1.82    4.63 
T 18 2.32 dry dry dry 6.25 
T 18' 2.09    4.84 
T 19 2.24 dry dry dry 6.56 
T 19' 2.25    5.05 
T 20 2.33 dry dry dry 6.56 
T 20' 2.37    5.11 
T 21 2.29 dry dry dry 6.5 
T 21' 14.83    5.16 
T 22 5.43 dry dry dry 6.45 
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T 22' 5.71    5.33 
T 23 1.91 dry dry dry 6.46 
T 23' 2    5.51 
T 24 1.87 dry dry dry 6.56 
T 24' 1.75    5.67 
T 25 2.12 dry dry dry 6.61 
T 25' 2.04    5.72 
T 26 2.25 dry dry dry 6.58 
T 26' 2.14    5.79 
T 27 2.41 dry dry dry 6.6 
T 27' 2.22    5.79 
T 28 2.43 dry dry dry 6.35 
T 28' 14.24    5.72 
T 29 5.27 dry dry dry 6.55 
T 29' 5.5    5.79 
T 30 2.09 dry dry dry 6.66 
T 30' 2.5    5.81 
T 31 1.78 dry dry dry 6.6 
T 31' 1.53    5.9 
T 32 2.08 dry dry dry 6.76 
T 32' 2    6.14 
T 33 2.14 dry dry dry 6.95 
T 33' 2.18    6.32 
T 34 1.93 dry dry dry 6.93 
T 34' 1.97    6.54 
T 35 2.06 dry dry dry 6.89 
T 35' 14.8    6.44 
T 36 5.01 dry dry dry 6.86 
T 36' 5.15    6.6 
T 37 1.92 dry dry dry 6.98 
T 37' 2.22    6.72 
T 38 1.63 dry dry dry 6.92 
T 38' 1.54    6.64 
T 39 1.64 dry dry dry 7.12 
T 39' 1.67    6.78 
T 40 2.59 dry dry dry 7.26 
T 40' 2.1    6.95 
T 41 1.73 dry dry dry 7.41 
T 41' 1.51    7.08 
T 42 2.07 dry dry dry 7.39 
  dry = central fluid monitoring well was dry 
 
 
 
 
 
